Improving energy and power densities of three-dimensional next generation secondary battery electrodes by Wang, Junjie
 
 
 
 
IMPROVING ENERGY AND POWER DENSITIES OF THREE-DIMENSIONAL NEXT 
GENERATION SECONDARY BATTERY ELECTRODES 
 
 
 
 
 
 
BY 
 
JUNJIE WANG 
 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy in Materials Science and Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2016 
 
 
 
 
 
 
 
Urbana, Illinois 
 
 
Doctoral Committee: 
 
 Professor Paul V. Braun, Chair 
 Associate Professor Moonsub Shim 
 Associate Professor Shen J. Dillon 
 Professor Andrew A. Gewirth 
 
ii 
 
ABSTRACT 
 3D mesostructured electrodes have been intensively investigated since the 
beginning of this century, based on the concept of shortening diffusion length of Li ions 
and electrons using either structured current collector or carbon-based additives, e.g. 
carbon nanotubes, reduced graphene oxides, etc. Majority of these work focus on 
improving electrical conductivity and thus rate performance of the electrodes. However, 
this strategy is not panacea, there are various issues associated with specific next 
generation electrochemical systems when moving towards practical applications. This 
thesis talks about problems that were often overlooked by researchers while exploiting 
the 3D mesostructuring methodologies. 
 A conversion compound Fe2O3 electrode was fabricated using self-assembly, 
colloidal crystal templating and electrodeposition methods. A good rate performance was 
obtained as well as a reduced voltage hysteresis was observed for the first time on the 
Fe2O3 system. The underlying mechanism behind the reduced voltage hysteresis was 
proposed and confirmed by impedance measurement and post cycling characterization, 
which was found to be ascribed to the capability of the porous electrode to accommodate 
lithiation induced strain. 
 Further this thesis pointed out that the use of relatively heavy Ni inverse opal as 
3D current collector was problematic in the sense of compromising active material 
loading and electrode-based capacity. A quick and scalable colloidal templating method 
was developed with doctor blade casting and a real 3D (~ 50 μm) bicontinuous porous 
carbon current collector was obtained. Sulfur and selenium was incorporated with the 3D 
BPC, achieving much higher loadings than the Ni inverse opal case and meanwhile 
demonstrating good electrochemical properties. The porous feature of the 3D BPC was 
versatile so that a hierarchical structure could be obtained by controlled heat treatment. S 
could be encapsulated within the mesopores in the 3D BPC, alleviating the “shuttle 
effect”. While for Se, even without intentionally confinement of Se which was mostly 
demonstrated in literatures, the 3D Se/BPC electrode could still deliver a capacity 
approaching theoretical value at slow rate. Moreover, the combination of carbon current 
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collector and vinyl carbonate additive in the electrolyte resulted in stable SEI formed 
during cycling and thus stable long term cycling properties. 
 Lastly but actually most importantly, emphasis was put on full electrode-based 
capacity which was compromised no matter using Ni inverse opal or bicontinuous porous 
carbon as current collector. A template-free Fe3O4/C electrode was fabricated 
hydrothermally, removing the 3D porous template completely and wisely. Loading as 
high as commercial electrode was achieved with both good full-electrode gravimetric 
capacity and volumetric capacity. 
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CHAPTER 1 
INTRODUCTION 
1.1 Next Generation Batteries ---- Materials and Structures 
 Rechargeable lithium ion batteries have been considered one of the best options 
for energy storage and conversion due to their superior energy density[1]. Since their 
commercialization by Sony in 1991, they have found tremendous applications in fields 
ranging from portable electronics[2] to aerospace[3]. However, battery development has 
progressed slowly even though the concept behind batteries is inherently simple. For 
example, the deployment of electrical vehicles has been slow mainly due to lack of 
battery electrode materials with high energy and power densities[4]. The most widely 
used electrode materials are still very similar to what was developed several decades ago. 
 The first and present generation of lithium ion batteries was composed of a 
graphite anode and a transition metal oxide cathode which could undergo 
intercalation/de-intercalation with lithium ions and a non-aqueous lithium ion conducting 
electrolyte. For typical discharging process of a lithium ion battery as shown in Figure 
1.1, lithium ions were extracted out from graphite anode and inserted into the space 
between layers of LiCoO2, traveling through the electrolyte. Charging reverses the above 
process using external power supplies[5].  
 
Figure 1.1 Scheme of first generation lithium ion battery. Adapted with permission from 
Ref [5]. Copyright 2013 American Chemical Society. 
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 Two important metrics are commonly used to characterize the performance of a 
battery cell. The first is energy density which refers to the amount of energy delivered per 
mass or volume of the cell. Energy density is determined by the product of cell voltage 
and capacity, the amount of charge stored in the cell. An obvious limitation on the 
capacity (energy density) enabled by intercalation is that there are a limited number of 
intercalation sites for lithium ions in these layered structure. The atomic structure of host 
materials is mostly preserved after intercalation and the valence states of the transition 
metal atoms are not fully utilized. The second important number in evaluating a battery is 
the power density, which basically represents how fast the energy in the battery could be 
released (discharge) and absorbed (charge). Due to the fact that the electrodes are 
composed of powders containing solid particles at the scale of micrometer or even 
millimeter[6], the intrinsic low diffusivity of lithium ion in solid states inevitably limits 
the intercalation/de-intercalation rate, and hence power density of the battery. 
 Since the beginning of this century, considerable efforts have gone into exploring 
so-called next generation battery chemistries, often termed “beyond lithium-ion” 
batteries[7-9]. The overall goal lies in the top right corner indicated as the gray shaded 
area on a Ragone chart[10] shown in Figure 1.2 that summarizes energy densities and 
power densities of various energy storage devices. 
 
Figure 1.2 Ragone chart for different battery types. Adapted from Ref [10], Copyright 
(2006), with permission from Elsevier. 
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To realize the desired performance, new routes were discovered to rationally 
tailor properties of materials and structures. A variety of electrochemical redox reactions 
were proposed and investigated, mainly aiming at breaking the limit of intercalation, 
including alloying reaction[11-13], displacement reaction[14-15], conversion 
reaction[16-18] and even anionic redox reaction[19-21]. These reactions are normally 
accompanied by significant bond breaking and complete structure change, allowing 
sufficient change in the valence state of redox ions. As a result, rich families of materials 
were found to be promising candidate to make battery electrodes with unprecedented 
high capacity and energy density. To name a few, Si (4200 mA h g
-1
)[22-23], Sn (994 
mA h g
-1
)[24-25], Fe3O4 (924 mA h g
-1
)[26-27], and S (1675 mA h g
-1
)[28-29]. These can 
be compared to the traditional cathode and anode materials, respectively, LiCoO2 (145 
mA h g
-1
)[30] and graphite (372 mA h g
-1
)[31]. From the perspective of electrode 
structures, the dramatic development in the area of nanomaterials has laid solid 
groundwork for designing new battery electrode structures[6, 32-33]. The high energy 
density candidate materials indicated above were synthesized into various forms, for 
example, nanowires[34-36], nanotubes[37-40], nanoplates[41-44] and hollow 
nanostructures[45-48]. The reduced dimension of these materials shortens the diffusion 
length of lithium ions in solid states, enabling much faster electrochemical redox reaction 
rates. The most recent decade has witnessed an increasing number of reports using 
nanostructured electrodes which could deliver power density even as high as 
supercapacitors[49-51]. 
 In this thesis, focuses will be put on how to better understand the effect of 
combining beyond lithium-ion systems, specifically conversion compounds and Group 
VIA elements, with electrode nano-/meso-structuring, specifically colloidal templating, 
on the performance of next generation batteries. Hurdles along the way transferring 
advanced battery technologies to practical applications were defined and feasible 
solutions to these issues were proposed and demonstrated. 
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1.2 High Energy Density with “Novel” Chemistries 
 As mentioned before, typical lithium-ion batteries use materials that provide sites 
in 1D (LiFePO4), 2D (LiCoO2 and graphite) and 3D (LiMn2O4)[52] for 
intercalation/deintercalation of lithium ions. However, according to crystal field 
theory[53] there is only limited number of those sites for reversible insertion/extraction of 
lithium ions. Upon over-lithiation band structure and electronic state of active material 
will be greatly altered, further leading to irreversible structural distortion which 
deteriorates battery performance[54-55]. Therefore the valence state of the transition 
metal ions was poorly utilized, indeed at most one lithium atom per molecule was 
involved during reaction. The typical range for intercalation electrode capacity is 150 – 
300 mA h g
-1
[56], barely meets the need for electrical vehicles and large-scale power 
grids. New systems that are not constrained by the requirements of intercalation are 
needed. 
 It has been shown that lithium can react with a range of transition metal oxides by 
a process called conversion. It was first demonstrated in the pioneering work done by 
Prof. Tarascon[18]. Generally transition metal oxides having no free voids to host lithium 
ions reversibly react with lithium (as indicated in Equation (1.1)), generating composite 
consisting of zero valence state metal particles dispersed in amorphous Li2O matrix.  
𝑀𝑥𝑂𝑦 + 2𝑦𝐿𝑖
+ + 2𝑦𝑒− ↔ 𝑥𝑀0 + 𝑦𝐿𝑖2𝑂    (1.1) 
 There are several advantages of conversion reaction over intercalation: i) the 
complete reduction of transition metal oxides fully makes use of the valence state of 
transition metal ion. Thus the resulting capacity enabled by conversion reaction can be up 
to 5 – 6 times higher than that of intercalation materials and maintained up to hundreds of 
cycles; ii) the conversion reaction is widespread in the sense that not only oxides but also 
sulfides[57], nitrides[58], phosphides[59-60], and fluorides[61-63] with different 
oxidation state of the 3d metal can all react with lithium, creating a broad material library 
as candidate for battery electrode; iii) the redox potential of such conversion reactions 
depends on the electronegativity of the anion[64], making design of both negative (oxides, 
sulfides or nitrides) electrodes and positive (fluorides) electrodes feasible. Figure 1.3 
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demonstrates the chemical versatility by combining different transition metals with 
anions to achieve a wide window of thermodynamic equilibrium voltage (or so-called 
electronic motive force, in brief, emf) ranging from near 0 V to ~ 3.5 V vs Li/Li
+
. One 
thing worth mentioning is the use of low-cost elements such as manganese, iron and 
copper are mostly investigated to achieve negative electrodes with both high capacity and 
low cost, pushing towards commercialization of these materials. 
 
Figure 1.3 Calculated equilibrium voltages of conversion reactions between transition 
metal compounds and lithium. Reproduced from Ref [64] with permission of The Royal 
Society of Chemistry. 
 
 However the conversion reaction leads to a number of problems. A critical issue 
associated with these conversion compounds is their poor reaction kinetics[6]. This 
problem manifests itself as large polarization called voltage hysteresis on the discharge 
and charge voltage profile (i.e. voltage difference between discharge and charge 
processes as shown in Figure 1.4). It results in a poor roundtrip energy inefficiency as 
well as poor power density of the electrodes. Some of the possible reasons might be: i) 
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the insulating nature of conversion compounds poses large impedance for electrons 
during cycling; ii) the existence of energy barriers while breaking M-X (X = O, S, N, F, 
etc) bonds, which was shown to rely on the nature of anions increasing from ΔE ~ 0.4 V 
for phosphides to ~ 0.9 V for oxides[6]; iii) lots of interfaces between transition metal 
and LiX matrix created during discharge/charge requires additional energy, manifesting 
as polarization on the voltage profile[16]. People have tried to add highly conductive 
carbon nanotubes[65] and graphene[66] to improve the electrical conductivity of the 
electrodes. Outstanding high rate performance was achieved despite the voltage 
hysteresis remaining high. Until now the underlying mechanism to account for the 
unusual large voltage hysteresis for conversion compounds are still under debating. 
 
Figure 1.4 Voltage hysteresis for various binary phases belonging respectively to the 
fluoride, oxide, sulfide and phosphide families. Adapted with permission from Ref [6]. 
Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
 Chapter 2 and 5 discusses the investigation on the performance of electrode 
made from iron oxides. In Chapter 2, the reasons why Fe2O3 was chosen were pointed 
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out: i) it has attractive theoretical specific capacity (1007 mA h g
-1
). Each Fe2O3 molecule 
could react with six lithium ions as indicated in Equation (1.2). 
𝐹𝑒2𝑂3 + 6𝐿𝑖
+ + 6𝑒− ↔ 2𝐹𝑒 + 3𝐿𝑖2𝑂    (1.2) 
ii) it has relatively low cost, high earth abundance and good safety. The focus was on 
exploiting Fe2O3 as promising negative electrode (anode) material and strategies were 
designed to address the poor reaction kinetics and large voltage hysteresis issues. The 
possible mechanism for the reduction of voltage hysteresis was also proposed and later 
confirmed by impedance measurement[67]. It helps to better understand the conversion 
reaction of Fe2O3 as battery electrode material and could serve as reference for future 
studies on voltage hysteresis. Chapter 5 focuses on the candidacy of Fe3O4, which was 
considered to be more suitable as anode material than Fe2O3 due to its comparable 
theoretical specific capacity (926 mA h g
-1
) and much higher electrical conductivity than 
Fe2O3. A more realistic study from the perspective of whole electrode was conducted on 
how to further improve energy density of Fe3O4 electrode[68]. Electrochemically inactive 
parts in the electrode were removed while excellent electrochemical properties of Fe3O4 
were preserved. These works will inspire more rational design of other conversion 
compound electrodes to better fulfil the criteria of commercialization. 
 A battery cell with the highest specific energy density possible was recently 
proposed by researchers pairing lithium metal and oxygen (air) together[69]. 
Theoretically such kind of Li-air battery is able to deliver energy density as high as 12 
kWh kg
-1
, comparable with that of gasoline. The idea of using pure lithium metal rather 
than graphite hosting lithium ions leads to ten times increase in the specific energy 
density[70]. Unfortunately the cathode where oxygen undergoes redox reaction turned 
out to be the culprit that poses most of the current limitations on the development of Li-
air battery[71-73]. And it seems there is a long way to go before the Li-air battery 
technology could equip devices. But the effort researchers spent on Li-air battery inspired 
revisit of other novel chemistries to find potential applications in battery field. 
 At the same group on the periodic table as oxygen, sulfur was also considered as 
cathode materials for battery electrodes due to its non-toxicity, low cost and 
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abundance[29, 74-75]. For example, sulfur could reversibly react with lithium forming 
polysulfides sequentially to Li2S (Equation (1.3))[76-77]. 
𝑆8
𝐿𝑖+
↔ 𝐿𝑖2𝑆8
𝐿𝑖+
↔ 𝐿𝑖2𝑆6
𝐿𝑖+
↔ 𝐿𝑖2𝑆4
𝐿𝑖+
↔ 𝐿𝑖2𝑆2
𝐿𝑖+
↔ 𝐿𝑖2𝑆    (1.3) 
Each sulfur atom could take two lithium ions, while typical intercalation electrode 
materials accommodate only 0.5 – 0.7 lithium ions per host atom. The theoretical specific 
capacity of sulfur cathode was calculated to be 1675 mA h g
-1
 which is about ten times 
that of LiCoO2 (145 mA h g
-1
), mainly because of the low density of sulfur. Despite of a 
lower cell voltage, lithium-sulfur battery could still deliver much higher energy density 
when coupled with lithium metal anode than lithium-ion battery[74]. 
 
Figure 1.5 Schematic illustration of polysulfide “shuttle effect”. Adapted from Ref [78], 
Copyright (2014), with permission from Elsevier. 
 
 One of the main drawbacks of lithium-sulfur batteries is that sulfur has practically 
no electronic conductivity (only 5 × 10
-30
 S cm
-1
 at 25 °C)[79]. As a result, a 
carbon/sulfur composite cathode is mostly used to provide the missing 
electroconductivity. Highly conductive carbon nanofibers or nanotubes are normally 
added[80-81], compromising low cost of sulfur due to the cost of these additives. The 
other but perhaps more important drawback is lithium sulfur chemistry is not compatible 
with the widely used carbonate electrolyte. The intermediate polysulfides during reaction 
will undergo nucleophilic attack to the carbonyl group of the carbonate solvent in the 
electrolyte[82]. So people have developed an ether-based electrolyte consisting of 1, 3-
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dioxolane and dimethoxymethane as solvents[83]. Using this ether-based electrolyte, the 
sulfur cathode could deliver a reasonable capacity. However this is not the end of the 
story. The cycling stability of sulfur cathode in the ether-based electrolyte suffered a lot 
from the fact that the intermediate polysulfides generated upon discharging (lithiation) of 
sulfur turned out to be dissolvable in the electrolyte. The so-called “shuttle effect”[74, 78, 
84] (Figure 1.5) was described as following: during discharge, high order polysulfides 
(Li2Sn, n ≥ 4) were first generated; upon contact with the electrolyte, these high order 
polysulfides dissolve into and “shuttle” through the electrolyte to the vicinity of the 
lithium metal anode side; lithium metal chemically reduce them to low order polysulfides 
(Li2Sn, n ≤ 4); some dissolvable polysulfides travel back to the cathode and continue the 
redox reaction while some non-dissolvable low order polysulfides (Li2S2, Li2S) end up 
staying on the surface of lithium. The consequences of the “shuttle effect” are: i) the 
dissolved polysulfides can not be fully utilized in the subsequent cycles, affecting the 
usability of active materials and capacities; ii) the discharge capacity is small since part 
of the reactions in Equation (1.3) is replaced by non-redox reaction. This problem 
manifests as a larger charging (delithiation) capacity than discharging (lithiation) capacity, 
i.e. low Coulombic efficiency[84], which was not often observed for other battery 
electrode materials; iii) the solid Li2S2 or Li2S formed on lithium metal surface greatly 
increases cell impedance and eventually terminate the battery life[85-86]. In order to 
address these issues, people have tried to design electrodes that physically confine sulfur 
into very small pores (< 10 nm) of mesoporous carbon to minimize its contact with 
electrolyte and alleviate the “shuttle effect”[80, 87-88]. Other benefits of the physical 
confinement include intimate contact between insulating sulfur and conductive carbon to 
ensure electrical conductivity and reduction of sulfur particle size which shortens 
diffusion length of both ions and electrons and facilitates redox reaction rate. This 
strategy works well but does not solve the problem fundamentally. Moreover, the volume 
expansion of sulfur upon fully lithiation could be as high as 80 %[89]. It causes large 
mechanical stresses on the mesoporous carbon, which easily reduce the contact between 
carbon and sulfur and result in rapid degradation of cycling performance. 
 Further going down the periodic table in Group VIA (16), elemental selenium (Se) 
was proposed by researchers recently as alternative of sulfur as positive electrode 
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material[90]. It has similar chemical properties to S, undergoes redox reaction with 
lithium ions to generate selenides. Although it delivers lower specific capacity (675 mA h 
g
-1
) than sulfur, Se has comparable volumetric capacity as sulfur due to its high density, 
which is crucial for applications in portable electronics or electrical vehicles because of 
limited battery packing space they have[91]. Moreover, the good electrical conductivity 
of Se which is 20 orders of magnitude higher than that of sulfur enables better 
electrochemical activity and faster reaction rate of Se electrodes[92]. Perhaps most 
importantly, researchers have discovered that Se could react with Li
+
 directly in solid 
phase to generate Li2Se without going through polyselenide intermediates in carbonate 
electrolyte[90, 93] (Figure 1.6). It offered new directions for researchers to understand 
and utilize Se as new candidate for high-energy battery electrode materials. Nevertheless, 
we found it interesting that a vast majority of reported work on Se electrodes still used 
physical confinement method similar to the sulfur case almost exclusively[94-99]. It is 
not clear yet whether this space confinement is really necessary for Se since it unlikely 
suffers from “shuttle effect”. Considering diverse nanostructuring methods that have been 
proposed to improve electrical conductivity and facilitate Li
+
 diffusion, there will be 
easier and more controllable ways to exploit the merits of Se as electrode material. 
 
Figure 1.6 Reaction mechanism of Se with Li
+
 in ether-based and carbonate-based 
electrolytes. Adapted from Ref [90]. Copyright 2015 American Chemical Society. 
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 Chapter 4 in this thesis discusses the compatibility of Se with carbonate 
electrolyte and showed good electrochemical properties of Se even without being 
confined in mesoporous carbon. Argument was proposed that the robust solid electrolyte 
interface (SEI) was the most significant contribution to the stable long-term cycling and 
high rate capabilities. This work opened broad directions for the design of commercially 
available Se electrodes. 
 
1.3 High Power Density with Nano-/Meso-structured Battery Electrodes 
 For a long time, the structure-property relationship has been recognized widely in 
academic researches. Interesting and useful properties could be realized by deliberately 
designing the structure of materials. The recent several decades have seen the flourishing 
of nanomaterial development and its applications in various fields. Nanostructuring also 
bring new opportunities to revitalize battery electrode materials. The most 
straightforward impact is the significant reduction in particle size of electrode materials 
from millimeter or micrometer down to nanometer. The small size greatly shortens the 
diffusion length of lithium ions in solid state and at the same time the large surface to 
volume ratio of nanomaterials provides a lot of active reaction sites for lithium ions and 
increases the ion flux[6, 32-33]. In some cases, the nanosized materials could even enable 
new reactions which are not possible for bulk materials. For example, the 
themodynamically unfavorable reverse conversion reaction (right to left reaction in 
Equation (1.1)) only occurred when nanosized particles were used[18]. 
Besides simple nanoparticles, researchers have come up with other complex 
nanostructured materials with unique dimensional features[100] as listed in Figure 1.7 
1D nanowires/nanorods and 2D nanosheets/nanoplates were exploited because of the 
direct pathway for efficient charge transport provided by their reduced dimensions. 
Therefore they have similar advantages of small nanoparticles to achieve good high rate 
capabilities and power density. However in fact although the high surface to volume ratio 
is good in the sense of facilitating the reaction kinetics, sometimes it could be 
problematic. An increase in the undesired electrode/electrolyte reactions is always 
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expected and causes electrolyte consumption, thick SEI and large cell impedance as a 
result. Specifically for the conversion reaction described in the above section, an 
internally nanostructured electrode is created after the first electrochemical reduction for 
the reason of large mechanical stresses along with lithium insertion[6]. The large 
interfacial area between metal nanoparticles and LiX matrix was found to be a reason for 
the large voltage hysteresis because of the required additional interfacial energy. During 
investigation of the hollow counterpart of these nanostructured materials, they were 
found to behave better than solid nanomaterials. Owing to the existence of voids in 
hollow nanotubes or nanospheres[45, 48, 101] accommodates the volume expansion and 
relief the mechanical stresses of electrode materials upon lithium insertion, many high 
energy density chemistries worked surprisingly well. Moreover, when active materials 
are loaded into the hollow structures, they are protected from undesired side reactions 
with electrolyte and thus can show extremely good cycling stability. In Chapter 2, the 
porous Fe2O3 electrodes were shown to have excellent high rate capabilities at the same 
time better accommodate the mechanical stress during lithiation/delithiation and have a 
smaller voltage hysteresis based on the similar concept[67]. 
 
Figure 1.7 Different heterogeneous nanostructured materials based on structural 
complexity. Reproduced from Ref [100] with permission of The Royal Society of 
Chemistry. 
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 The nano-/meso-structuring strategy should also be considered from the view of 
the whole electrode/cell. In a commercial battery, both electrodes have the form of 2D 
composite[102] as shown in Figure 1.8. Slurry containing active materials is coated onto 
current collectors, resulting in a dense film. There is one thing that most researchers often 
fail to notice while doing battery development. Most components of a battery cell 
actually do not contribute any capacity or energy, such as conductive filler, binder, 
separators and current collectors. In most cases, these parts have comparable or even 
larger mass than the active materials. It basically means even if high energy density 
chemistries are available now, the electrode/cell based energy density/capacity will still 
be low because of these electrochemical inactive components. It would be more valuable 
if the portion of these components could be reduced. 
 
Figure 1.8 Scheme of 2D composite electrodes in lithium ion batteries. Adapted from 
Ref [102] with permission of The Royal Society of Chemistry. 
 
 Previously in our group, a technique called colloidal crystal templating was 
applied to the fabrication of three dimensional mesostructured battery electrodes as 
illustrated in Figure 1.9. It utilizes the bicontinuous voids within self-assembled colloidal 
crystal to obtain a porous 3D metallic current collector[2, 49, 103]. The basic concept 
was to replace conductive filler in commercial batteries with current collector since both 
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of them have the same purpose of conducting electrons. Advantages of the 
mesostructured electrodes are: i) by coating active materials directly on the metallic 
current collector, the monolithic electrode could be assembled into cells without any 
binders, further improve energy density; ii) similar to hollow structures mentioned above, 
the void space in the electrode could better accommodate the volume expansion of active 
materials upon lithiation and preserve the mechanical properties of the electrode[104]; iii) 
the most important one is the bicontinous metallic current collector provides fast 
pathways for both electrons and lithium ions, thus the electrodes were found to deliver 
reasonable capacity even at an ultrahigh rate of  ~1000 C (1 C rate corresponds to the 
current density that discharges the entire battery in 1 hour, 1000 C theoretically means 
the battery could be discharged within 3.6 s). As a result, both high energy density and 
power density were achieved using this mesostructured electrode. In Chapter 2, this 
technique was combined with conversion compound (Fe2O3) and realized good capacity 
at the highest rate ever reported. 
 
Figure 1.9 Scheme of 3D mesostructured electrode via colloidal crystal templating. The 
active material is yellow and the bicontinous metallic current collector is green. The 
electrolyte fills the remaining pores. Adapted by permission from Macmillan Publisher 
Ltd: Nature Nanotechnology (Ref [103]), copyright (2011). 
 
 However, there is one thing that still remains questionable. The above 3D 
mesostructured electrodes used a metallic current collector which is heavy and unstable 
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under extreme conditions and unrealistic when scaling up towards commercialization. 
Thus from another perspective, the metallic current collector could be replaced with 
carbonaceous materials similar to the conductive filler. Compared with metal, carbon has 
lower density and wider stable electrochemical window. Moreover carbon is more robust 
in extreme conditions like acidic chemical environment, high temperature, allowing 
diverse and convenient material processing. Chapter 3 focuses on how to realize the 
transition from metal current collector to carbon current collector step by step. A more 
efficient and scalable method was developed to fabricate the colloidal templates 
borrowing the concept of slurry casting method people use to make commercial 
electrodes. A real 3D electrode was demonstrated with Se as active material and both 
high rate capability and stable long term cycling performance were accomplished. 
Chapter 5 further explores the possibility of completely removing the conductive filler 
by demonstrating a template-free binder-free 3D Fe3O4 electrode[68]. Owing to the high 
electrical conductivity of Fe3O4, the electrode showed good electrochemical properties 
and higher energy density than the case when the template was present. 
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CHAPTER 2 
THREE DIMENSIONAL IRON (III) OXIDE ANODES WITH REDUCED 
VOLTAGE HYSTERESIS* 
 
2.1 Introduction & Motivation 
 To overcome the capacity limitations of conventional lithium intercalation 
systems[1-2], such as based on graphite anodes, considerable research has been 
conducted on higher specific capacity multivalent redox chemistry[3-8]. For over 10 
years, conversion reactions (1) have been studied as a basis for high energy density 
anodes and cathodes for secondary lithium batteries[9]. In contrast to intercalation, where 
the host lattice structure is preserved, in conversion compounds, the active phase in the 
electrode can be reduced to metal upon reaction with lithium, and oxidized when the 
polarization is reversed. The reaction can be generalized as follows 
𝑀𝑎𝑋𝑏 + (𝑏 ∙ 𝑛)𝐿𝑖 ↔ 𝑎𝑀 + 𝑏𝐿𝑖𝑛𝑋     (2.1) 
where M = transition metal atom, X = O, N, F, S, P, H, etc., and n = formal oxidation 
state of X[9]. As an anode, the specific capacities of conversion systems can be up to 3 
times that of graphite. Specifically, this chapter and Chapter 5 will focus on battery 
electrodes made from iron oxides. As conversion compound, Fe2O3 has attracted much 
attention because of its high reversible specific capacity (1007 mA h g
-1
), earth 
abundance, and safety[10-13]. However, there remain significant obstacles. (i) Fe2O3 has 
a low electrical conductivity[14]; thus a large amount of conductive materials (e.g. 
carbon) is generally added to the electrode to improve utilization of the active materials, 
sacrificing the energy density. (ii) The slow solid-state diffusion of Li-ions, mass transfer 
across grain boundaries, and charge transfer kinetics in Fe2O3 result in a limited power 
density[15]. (iii) Fe2O3 may only convert to FeO during cycling, reducing the specific 
------------------------------------------- 
*Content in this chapter was previously published by the author and reprinted (adapted) 
with permission from Ref [16]. Copyright © 2015 American Chemical Society 
21 
 
capacity[17]. (i), (ii), and other not yet understood factors lead to a large voltage 
hysteresis during cycling, which is perhaps the primary shortcoming of Fe2O3 and most 
other conversion systems. Such large voltage hysteresis severely reduced the round-trip 
efficiency to generally impractical levels for batteries with conversion electrodes[9]. 
 Because the hysteresis remains significant even at very low charge and discharge 
rates, it is unlikely that the large hysteresis is solely due to poor electronic and ionic 
conductivities in the conversion electrode. Several mechanisms have been proposed to 
rationalize the hysteresis at low cycling rates, including the presence of different reaction 
pathways during discharge and charge[18-19], the requirement of large overpotentials to 
initiate phase separation or nucleation[20], and interfacial energy costs due to the large 
volume of interfaces created during conversion reactions[9, 21]. There have been many 
reports focusing on improving the electrochemical performance of Fe2O3 electrodes[22-
26], yet the origin of the hysteresis is not clear. In a few other conversion systems, it has 
been shown that nanostructuring at the material and electrode level reduces the voltage 
hysteresis and improves the electrochemical reversibility[6, 27]. However, mechanistic 
understandings correlating the observed hysteresis to the optimal particle size and/or the 
appropriate electrode length scales for conversion-based materials remain limited. 
 Several nanostructuring strategies have been explored for Fe2O3 electrodes. By 
nanostructuring Fe2O3 into architectures such as nanotubes[11], nanoflakes[28], hollow 
nanospheres[29], the electron and lithium ion transport have been facilitated, which may 
improve the electrode cyclability and rate performance. Additionally, in nanostructured 
Fe2O3, the strain associated with intercalation appears to be better accommodated, 
increasing the allowed degree of lithiation in the intercalation regime[30]. It has been 
shown that the addition of carbon nanotubes and graphene to the electrode improves the 
cycling kinetics, presumably by enhancing the electrical conductivity of the electrode[31-
32]. A 3D hybrid Fe2O3/carbon electrode was demonstrated recently which even provided 
a high usable capacity and rate capability[24]. However, in these cases, the active 
materials are dispersed at rather low volume fractions throughout the electrochemically 
inactive carbonaceous materials, yielding overall low volumetric energy density. Most 
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importantly, even after nanostructuring, the voltage hysteresis in these Fe2O3 systems still 
remains large. 
 It is interesting that most research on Fe2O3 conversion systems has focused on 
the α phase, while the γ polymorph has not received much attention. γ-Fe2O3 can be 
categorized as a defect spinel, consisting of partially vacant Fe octahedral sites in the 
Fe3O4 structure. These vacant sites provide sites for lithium intercalation, which enables 
nanostructured γ-Fe2O3 to offer a high capacity when used as a cathode through 
reversible lithium ion intercalation[33-34]. However, there are few report on the 
electrochemical properties of γ-Fe2O3 as a low voltage conversion anode material. In a γ-
Fe2O3 anode, it is possible that vacant sites for lithium ions may facilitate lithium mass 
transfer and result in better cycling than for other Fe2O3 phase anodes, as long as the 
conversion reaction does not make the material amorphous. 
 In this chapter, the fabrication of γ-Fe2O3 nanoparticle loaded 3D electrodes was 
demonstrated and this mesostructured electrode design enabled the Fe2O3 electrodes to 
have both good rate performance and an unprecedentedly small voltage hysteresis.  
 
2.2 Fabrication and Characterization of the Mesostructured 3D Fe2O3 Electrode 
 As Figure 2.1a-e show, the fabrication procedure of the 3D Fe2O3 electrode 
started with obtaining a 3D bicontinuous Ni inverse opal current collector. Following a 
literature method[35], a glass slide coated with Cr and Au was used as the substrate. 
After treatment with an aqueous solution (0.5 wt %) of 3-mercapto-1-propanesulfonic 
acid sodium salt for 3h, the substrate was placed vertically into a vial containing 500 nm 
polystyrene (PS) spheres dispersed in water at 50-55 °C. As the water evaporated, the PS 
opal formed. The as-obtained opal was annealed at 95 °C for 3h, after which Ni was 
electrodeposited through the opal with a current density of -1.5 mA cm
-2
 in a commercial 
plating solution. The Ni inverse opal (Figure 2f) was obtained after removal of PS 
spheres by immersing the sample into toluene or tetrahydrofuran. The 95 °C heat 
treatment was important in the sense of expanding the contact area between adjacent 
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spheres, resulting in the Ni inverse opal having a higher porosity, which is important to 
enable accessibility of electrolyte in the final electrode. 
 
 
  
  
Figure 2.1 Schematic illustration and morphology of the mesostructured 3D Fe2O3 
electrodes. (a-e) Electrode fabrication procedures. (a) PS opal template (gray). (b) Ni 
metal (green) was electrodeposited through the PS opal. (c) The PS opal template was 
removed by toluene or tetrahydrofuran. (d) Fe2O3 nanoparticles (brown) were uniformly 
electrodeposited on the Ni inverse opal. (e) Scheme showing that each particle has its 
own current collector. (f) SEM image of Ni inverse opal. (g-i) Morphology of the 
fabricated electrode at increasing magnifications. 
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 The Fe2O3 nanoparticles were then deposited on the Ni inverse opal by pulsed-
voltage electrodeposition at room temperature using a modified literature method[36]. 
The electrodeposition bath consisted of an aqueous solution of 10 mM FeCl3, 10 mM 
NaCl, 1 M H2O2, and 0.1 M NaF. A standard three-electrode configuration was used, 
with a Ni inverse opal as the working electrode, a piece of plating foil as the counter 
electrode, and a Ag/AgCl reference electrode (saturated by 3 M NaCl). The voltage 
profile applied was a repeated sequence consisting of -0.48 V vs Ag/AgCl for 0.5 s and 
0.42 V vs Ag/AgCl for 5s. The pulse sequence was repeated for durations ranging from 5 
to 30 min to get the desired amount of active material. Then, the as-deposited sample was 
heat-treated at 500 °C for 1h during Ar before being assembled in a cell for 
electrochemical measurement. After the heat treatment, the Fe2O3 became crystalline. 
The heat treatment also served to remove any residual moisture.  
Figure 2.1f shows a representative SEM image of the Ni inverse opal. The 
crystalline nature of the PS colloidal template was easily identified by the periodic voids 
in the sample. The larger voids have a diameter of about 500 nm, which corresponds to 
the diameter of PS spheres used. The small pores with an apparent diameter of about 200 
nm originated from the contact points of the PS colloids. The morphology of the 
mesostructured 3D Fe2O3 electrode was shown in Figure 2.1g–i. The total thickness of 
the electrode was about 6 μm (Figure 2.1g) and it should be mentioned that electrodes 
more than 10 μm thick could be fabricated. Similar to the concept conveyed in other 
work on macro- or nanoporous electrodes[37-39], the metallic Ni scaffold provides a fast 
pathway for electrons and its mesoporous structure increases the contact area between the 
active materials and the electrolyte, thus facilitating the transportation of Li
+
 to the active 
elements of the electrode[35, 40]. 
In order to obtain uniform coating of Fe2O3 on the porous structure, a repeated 
sequence of “on” and “off” voltages were applied (Figure 2.2d-f). The “off” processes 
were required to eliminate the depletion of the active species in and near the electrode, 
which results in the Fe2O3 layer being thicker at the top of the electrode (Figure 2.2a-c). 
The uniform coating of Fe2O3 nanoparticles in the Ni scaffold was illustrated in Figure 
2.1d-e and their observed diameter is about 30 nm (Figure 2.1h-i). Almost all Fe2O3 
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particles are in direct contact with the Ni current collector, and thus nearly every particle 
has its own current collector, which may improve reaction kinetics. Figure 2.3 shows the 
elemental mappings on the mesostructured 3D Fe2O3 electrode. It can be seen that Fe 
signal was distributed uniformly on the Ni inverse opal, indicating the uniformity of 
Fe2O3 nanoparticles on the electrode. 
 
 
Figure 2.2 SEM images of the mesostructured 3D Fe2O3 electrode made via (a-c) 
constant-voltage and (d-f) pulsed-voltage electrodeposition. Uniform deposition of Fe2O3 
nanoparticles was realized in (e-f), while a layer of Fe2O3 was only deposited on the top 
of the Ni inverse opal as shown in (b) and few nanoparticles appeared in the structure (c) 
due to the depletion of active species near the electrode during deposition. 
 
 
Figure 2.3 EDS elemental mappings of the 3D mesostructured Fe2O3 electrode. (a) 
Cross-section SEM image of the electrode. (b) Elemental mapping of Fe Kα. (c) 
Elemental mapping of Ni Kα. 
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Figure 2.4 Characterization of the mesostructured 3D Fe2O3 electrode. (a) XRD pattern 
shows peaks which match well with those of γ- Fe2O3 (PDF card# 00-039-1346). (b) 
High resolution XRD scan from 34º to 46º, showing peaks which match best with that of 
γ-Fe2O3 rather than Fe3O4. (c) XPS spectrum of Fe 2p region shows characteristic Fe
3+
 
signals. (d) Raman spectroscopy further confirms γ-Fe2O3. 
 
X-ray diffraction pattern (Figure 2.4a) of the 3D Fe2O3 electrode was collected 
with Cu Kα radiation (λ = 0.15418 nm). All of the diffraction peaks could be indexed as 
cubic γ-Fe2O3 (PDF card# 00-039-1346). However, it is known that γ-Fe2O3 and Fe3O4 
have similar XRD patterns, although a high resolution scan from 34º to 46º with step size 
of 0.025° and integration time of 10 s (Figure 2.4b) showed peaks which best matched 
with γ-Fe2O3. XPS and Raman measurements were further conducted to confirm the 
phase identification. XPS spectra were collected with a Kratos Axis Ultra XPS system 
with a monochromatic Al Kα (1486.6 eV) source and the binding energy scale was 
calibrated using the aliphatic C 1s peak (285 eV). The Fe 2p XPS spectrum is shown in 
Figure 2.4c. A characteristic Fe
3+
 signal was observed, with two main peaks at ~711 eV 
and ~724 eV, accompanied by a satellite peak at ~719 eV[41-43]. Raman spectra were 
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collected on a Nanophoton Raman-11 system using a 532 nm excitation wavelength. 
Figure 2.4d presents the Raman spectrum of the electrode from 100 cm
-1
 to 1800 cm
-1
. 
Three broad bands at 350, 500 and 700 cm
-1
 which are present in γ-Fe2O3, and not any 
other iron oxide or oxyhydroxide are observed[44-45]. The two broad bands at around 
1380 and 1580 cm
-1
 are also only found in γ-Fe2O3[45-46]. 
  
2.3 Electrochemical Properties of the 3D Fe2O3 Electrode 
 The electrochemical properties of the mesostructured 3D Fe2O3 electrodes were 
measured directly without carbon or binder in an electrolyte-filled jar, using a two-
electrode configuration with lithium foil as both counter and reference electrodes. The 
electrolyte was 1 M LiClO4 in a 1:1 (w/w) mixture of ethylene carbonate (EC) and 
dimethyl carbonate (DMC). Cell assembly was carried out in an argon-filled glove box. 
Galvanostatic discharge/charge tests were conducted with a potentiostat (VMP3, Bio-
Logic) over a voltage window of 0.25 - 3.0 V. The loadings of active materials were 
characterized using a Perkin Elmer SCIEX ELAN DRCe ICP-MS. Typically two samples 
were made in the same electrodepsition bath under the same condition. One was analyzed 
via ICP-MS, and the other used for electrochemical tests. To determine the optimized 
loading of materials on the Ni current collector, electrodes with 0.2 mg cm
-2
, 0.4 mg cm
-2
, 
and 0.6 mg cm
-2
 of γ-Fe2O3 loading were fabricated. Figure 2.5a-c show cross-sectional 
SEM images of these electrodes. Galvanostatic cycling was performed on each of these 
electrodes at room temperature. Figure 2.5d plots the average specific capacity of the 
three electrodes at various current densities. It was observed that the electrode with the 
highest loading (0.6 mg cm
-2
) had the lowest capacity and worst rate performance. SEM 
images indicate that as the loading of active materials increased, the pores (formed by the 
contact points of PS colloids which templated the Ni current collector) became smaller 
and smaller, which compromises the electrolyte accessibility to all of the active materials. 
Also the lower electrical conductivity caused by thicker γ-Fe2O3 coating could lead to 
such poor cycling properties. The 0.2 and 0.4 mg cm
-2
 loading provided similar 
performance, and thus 0.4 mg cm
-2
 was selected as the optimized level of active material 
loading. 
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Figure 2.5 Cross-section SEM images of 3D mesostructured Fe2O3 electrodes with active 
material loadings of (a) 0.2 mg cm
-2
, (b) 0.4 mg cm
-2
, and (c) 0.6 mg cm
-2
. (d) Average 
specific capacity of these three electrodes at varying current densities. All electrodes are 
ca. 6 μm thick. 
 
 Figure 2.6a shows typical discharge and charge voltage profiles of the 1st, 2nd, 
3rd and 10th cycle at 0.2 A g
-1
. As is typical, the 1st cycle was different from the other 
cycles. In the first cycle, there was a long voltage plateau, primarily corresponding to the 
conversion reaction of Fe2O3 to Fe
0
 and Li2O. The capacity of the 1st cycle also appears 
to be the largest, probably due to electrolyte decomposition and SEI formation at low 
voltages[47-49]. Starting from the 2nd cycle, the voltage profiles were similar, indicating 
the stability and reversibility of the electrode. Interestingly, a high-voltage plateau 
(around 1.5 V vs Li/Li
+
) which was absent in the 1st cycle appeared starting in the 2nd 
cycle. A likely reason is that at the end of the 1st charge process, the electrode was 
composed of smaller Fe2O3 particles that could facilitate the electrochemical diffusion 
kinetics. This is normally called the ‘electrochemically grinding effect’[7, 50]. It has been 
reported that small (e.g. 20 nm) Fe2O3 particles can accommodate Li
+
 by intercalation 
before complete conversion to Fe
0
 and Li2O, due to the short diffusion length and high 
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surface area provided by the small domains, which allow the particles to better 
accommodate strains during intercalation[30, 33-34]. Thus, after 1st cycle, the reaction of 
the electrode with lithium may consist of two distinct processes, intercalation, and 
conversion, where the high-voltage plateau corresponds to intercalation of Li
+
 into the 
Fe2O3 particles. 
 The cyclic voltammetry (CV) curves also confirmed the two-step reaction after 
1st cycle (Figure 2.6b). In the 1st cycle, there was only one large cathodic peak centered 
at about 0.6 V vs Li/Li
+
, along with a very small peak around 1.5 V vs Li/Li
+
. Starting 
with the 2nd cycle, the intensity of the 1.5 V peak increased and stabilized. As cycling 
proceeded, the overpotential between the intercalation couple increased. The reduction 
peak shifted to lower voltage and oxidation peak to higher voltage. A possible 
explanation is that the active materials gradually lost crystallinity during the conversion 
reactions, making it increasingly difficult for intercalation to occur, resulting in 
increasing overpotential during cycling. 
 
Figure 2.6 Electrochemical characterization of the mesostructured 3D Fe2O3 electrodes. 
(a) Typical voltage profiles of 1st, 2nd, 3rd and 10th discharge and charge processes at 
0.2 A g
-1
 (~ 0.2 C) (voltage window: 0.25 - 3.0 V). (b) Cyclic voltammetry curves of 1st, 
2nd, 3rd and 10th cycle (scan rate of 0.1 mV s
-1
). (c) Specific capacity and Coulombic 
efficiency for 100 cycles at 0.2 A g
-1
 (~ 0.2 C). 
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Figure 2.6 (cont.) 
 
 Figure 2.6c shows the specific capacity and Coulombic efficiency of the 
mesostructured 3D Fe2O3 electrode at a current density of 0.2 A g
-1
 (~ 0.2 C) for 100 
cycles, at the conclusion of which the electrode still provided about 400 mA h g
-1
. Based 
on the full electrode (including both Ni and Fe2O3), the specific capacity is ca. 80 mA h 
g
-1
. For this structure, the electrode has about 80 wt% of Ni, which we have demonstrated 
can be further reduced to 50 wt% by electropolishing[35], in which case the capacity 
would be 200 mA h g
-1
. In terms of the Coulombic efficiency, the 1st cycle had a low 
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efficiency of 63%, probably due to the electrolyte decomposition as previously 
mentioned. Starting from 2nd cycle, the Coulombic efficiency increased to 96% and 
remained above 90% for most of the cycles. 
 
Figure 2.7 Rate capabilities of the mesostructured 3D Fe2O3 electrodes. (a) Specific 
capacity at current densities of 0.1, 0.5, 1, 5, and 20 A g
-1
(ca. 0.1, 0.5, 1, 5, 20 C, 
respectively). (b) Discharge-charge voltage profiles at varying current densities (voltage 
window: 0.25 – 3 V). 
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As Long and Rolison discussed[51-52], an electrode design consisting of a three-
dimensional interpenetrating network of electron and ion pathways is ideal for providing 
efficient electronic and ionic transport. To evaluate how the mesostructured electrode 
architecture impacts the kinetics, the performance of the mesostructured 3D Fe2O3 
electrode was evaluated in half cells at current densities ranging from 0.1 to 20 A g
-1
 (~ 
0.1 to 20 C). At current densities of 0.1, 0.5, 1 and 5 A g
-1
 (~ 0.1, 0.5, 1, 5 C respectively), 
the reversible specific capacities were 1005, 955, 905, 750 mA h g
-1
, respectively (Figure 
2.7a). Even up to 20 A g
-1
 (~ 20 C) (the highest rate ever reported for Fe2O3), the 
reversible specific capacity was approximately 450 mA h g
-1
, which is still greater than 
traditional graphite anode (theoretical capacity of 372 mA h g
-1
).When the electrode was 
cycled back to a low rate (0.1 A g
-1
 (~ 0.1 C)) after cycling at 20 A g
-1
 (~ 20 C), the 
capacity of the electrode could be recovered after a few cycles to the typical value for 0.1 
A g
-1
 (~ 0.1 C), demonstrating the stability of the electrodes at high current density. 
Figure 2.7b presents the voltage profiles at different current densities, which show that 
the conversion plateau became more sloped and shorter with increasing current densities 
due to the voltage polarization needed to drive the high reaction rate. Further cycling tests 
were performed to characterize the high rate capabilities of the mesostructured 3D Fe2O3 
electrode. The electrode was cycled at 20 A g
-1
 (~ 20 C) for 100 times as shown in 
Figure 2.8a. After 100 cycles, it still could deliver capacity of about 400 mA h g
-1
. 
Moreover, the SEM image in Figure 2.8b and its inset show no deformation of the 
electrode or delamination of the Fe2O3 particles under such harsh condition, which again 
attests to the stability of the electrode. 
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Figure 2.8 High rate cycling performance of the mesostructured 3D Fe2O3 electrode. (a) 
Specific capacity and Coulombic efficiency of the electrode when cycled 100 times at 20 
A g
-1
 (~ 20 C). (b) SEM image of the mesostructured 3D Fe2O3 electrode after 100 cycles 
at 20 A g
-1
 (~ 20 C), showing that the electrode was intact after such high rate cycling. 
The inset shows SEM image at higher magnification. 
 
To shed light on the effect of our mesostructured electrode on the voltage 
hysteresis during discharge-charge cycling, dQ/dV versus voltage was plotted. Figure 2.9 
displays the room temperature dQ/dV vs voltage plot during the 2nd cycle at 0.1 A g
-1
 (~ 
0.1 C). There were two peaks for both discharge and charge, corresponding to the two-
step reactions mentioned above. The first reduction peak at 1.63 V represents the 
intercalation of Li
+
 into Fe2O3, which is followed by a large peak at 0.90 V corresponding 
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to the conversion reaction. The deconversion process took place at 1.52 V and the 
deintercalation reaction voltage is about 1.88 V. The voltage hysteresis of the electrode 
can then be calculated as the separation between conversion and deconversion peaks, 
which is 0.62 V. Another way to calculate the hysteresis is based on the difference 
between average discharge (ca. 1.04 V) and charge (ca 1.71 V) voltages, which is 0.67 V. 
Both values are significantly smaller than the value of ~ 1 V reported in the literature[28, 
53]. 
 
 
Figure 2.9 Voltage hysteresis of the mesostructured 3D Fe2O3 electrode during cycling at 
room temperature (a) dQ/dV vs voltage curve of the 2nd cycle at 0.1 A g
-1
 (~ 0.1 C). The 
voltage difference between the conversion and deconversion reaction indicates the 
voltage hysteresis is 0.62 V. (b) Zoomed-in plot of the dQ/dV vs voltage curve shown in 
(a). 
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Since it has been known that temperature plays an important role in reducing 
voltage polarization during electrochemical reaction[27], the mesostructured 3D Fe2O3 
electrode was cycled in an oven with temperature set at 45 ºC. Figure 2.10a presents the 
cycling performance and rate capabilities of the electrode at 45 ºC. It can be seen that the 
electrode still shows excellent rate capabilities and the cyclability is improved 
significantly. Moreover, the voltage hysteresis is reduced to about 0.42 V (Figure 2.10b), 
indicating at least some of the hysteresis is due to a thermally activated process[15]. 
 
 
Figure 2.10 (a) Cycling performance and rate capabilities of the mesostructured 3D 
Fe2O3 electrode at 45 °C. (b) dQ/dV vs voltage curve of the 2nd cycle at 0.1 A g
-1
 (~ 0.1 
C) under 45 °C, the voltage difference between the conversion and deconversion reaction 
indicates the voltage hysteresis value of 0.42 V. 
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It should be noted that in a FeF3 system[20], which has similar lithiation 
mechanism as Fe2O3, the origin of voltage hysteresis was found to be the overpotential 
required to account for large interfacial energy while Fe/LiF phase separate. In order to 
see if the 3D Fe2O3 electrode had the similar problem, SEM images of the mesostructured 
3D Fe2O3 electrode after cycling are carefully examined. Electrodes were soaked in pure 
DMC for 1h and rinsed several times in a glovebox to remove remaining electrolyte and 
some of the SEI[54-55], followed by drying in the glovebox. It appears that the primary 
Fe2O3 particle size is reduced by cycling but is still on the order of 10 nm (Figure 2.11a-
b), starting from an initial particle size of ~ 30 nm. Transmission electron microscope 
(TEM) studies were further conducted with an acceleration voltage of 200 kV to 
characterize the morphology of the electrode after cycling. The results indicate the 
particle size after cycling is ~ 20 nm and the domain size of the particles is ~ 20 nm 
(Figure 2.11c-d). This is considerably different from other observations for conversion 
compounds, where the initial electrode materials will be ‘electrochemically ground’ into 
very small particles on the order of 3-5 nm or even smaller[7, 50]. The smaller particles 
have greater interfacial areas, and the interfacial energy leads to large overpotentials[9]. 
The mesostructured electrode provides efficient ion and electron transport, however this 
alone is not enough to account for the smaller hysteresis than previous report[28, 53]. The 
smaller hysteresis in our system maybe also because the mesostructured electrode may 
enable efficient conversion of Fe2O3 nanoparticles to Li2O and Fe, and deconverted back 
to the intercalated phase without creating a large density of Li2O/Fe interfaces. To 
examine this possibility, potentiostatic electrochemical impedance spectroscopy (PEIS) 
measurement were carried out at different lithium concentrations using three-electrode 
pouch cells, with a small piece of lithium metal carefully situated near the working and 
counter electrodes as the reference electrode. The applied AC signal had an amplitude of 
6 mV over the frequency range of 100 kHz to 100 mHz. The points in Figure 2.12a 
indicate where the PEIS spectra were collected. In general, the resistance of the electrode 
increased during lithiation and decreased back upon lithium removal, according to the 
size of the semi-circle on PEIS curves. The PEIS results acquired at similar potential 
which corresponds to similar lithium concentration had almost exactly the same shape 
during both sweep directions, indicating the good reversibility of the reaction. 
37 
 
 
  
Figure 2.11 SEM images of the mesostructured 3D Fe2O3 electrode before (a) and after 
(b) cycling 10 times (after DMC washing step) at 0.1 A g
-1
 (~ 0.1 C). (c, d) TEM images 
of Fe2O3 nanoparticles after cycling. The size of the nanoparticles does not appear to 
significantly change with cycling. The domain size is ~ 20 nm. 
 
 Based on the work of Liu et al.[20], we use the equivalent circuit shown in inset 
of Figure 2.12c to analyze the PEIS results. This circuit only accounts for the high 
frequency range shown as a semi-circle before the low frequency diffusion range 
emerged, which manifests as a straight line. The two RC elements come from the 
electrode/electrolyte interface and the internal Li2O/Fe interface. By fitting the PEIS 
spectra, the values of these elements were obtained and summarized in Figure 2.12c. It 
could be seen that R1 and C1 stayed steady during the reaction, probably originating 
from the stable SEI layer formed at the electrode/electrolyte interface. The increase of R2 
during lithiation may be due to the formation of insulating Li2O during the conversion 
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reaction that could increase the interfacial resistance. The C2 value had a maximum at the 
end of discharge since the product at this state should be a nanocomposite composed of 
Fe particles dispersed in a Li2O matrix, therefore large interface between Fe and Li2O 
was expected. Upon lithium extraction, the interface of Li2O/Fe merged together and 
formed a Li-Fe-O compound[50], which is the possible reason why C2 rapidly decreased 
during delithiation. The important thing to note is that the value of C2 only increased by a 
factor of two during lithiation instead of a factor of ten as was observed in the FeF3 
system[20]. These results confirm our assumption that the reduction in hysteresis is 
related to interfacial area/energy and additionally that the fast kinetics in the 
mesostructured electrode helps as well. 
 
Figure 2.12 (a) Cycling curve for 2nd cycle at 0.1 A g
-1
 (~ 0.1 C). (b) Nyquist plots at 
different lithium concentrations. The labeled points in (a) indicate where PEIS data was 
collected. The curves are offset for clarity. (c) Fitted values for the equivalent circuit 
elements R1, R2, C1 and C2, using the equivalent circuit shown in the inset. The two R-C 
(charge transfer resistance - capacitance) circuits are attributed to the electrode/electrolyte 
interface and Li2O/Fe interface in the electrode. 
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2.4 Conclusions 
 In conclusion, colloidal crystal templating and electrodeposition methods have 
been utilized to construct a mesostructured 3D Fe2O3 electrode. Significant attributes of 
the 3D electrode architecture include the following: (i) The porous structure both 
accommodates the volume expansion of the active materials during conversion reaction 
and ensures the accessibility of the electrolyte to the active materials, providing good 
Coulombic efficiency and material usability. (ii) The bicontinuous Ni metal current 
collector serves as an efficient pathway for electrons, and the connected pore network 
within the electrode results in efficient lithium ion flux to the active materials. (iii) The 
3D structure can be uniformly coated via pulsed electrodeposition with a compact layer 
of active materials. Attributes (i) and (ii) enable the 3D electrode structure to provide a 
high rate capability. The electrodes were found to deliver more than 450 mA h g
-1
 at a 
rate as high as 20 A g
-1
. Perhaps most importantly, at 0.1 A g
-1
, the hysteresis was only 
0.62 V, which is ~30% smaller than previously reported[28, 53]. The electrodes exhibited 
ca. 50% capacity retention after high rate cycling for 100 cycles. Potentiostatic 
electrochemical impedance spectroscopy (PEIS) studies during the cycling provide 
evidence that the reduction of hysteresis may be related to a reduction in the Li2O/Fe 
interfacial area due to the capability of the 3D structure to accommodate lithiation 
induced strain and thus absence of particle pulverization. These observations suggest a 
combination of optimization for fast reaction kinetics and a minimization of interfacial 
areas may significantly reduce the voltage hysteresis in high energy density conversion 
systems. 
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CHAPTER 3 
MONOLITHIC BICONTINUOUS POROUS CARBON (BPC) AS CURRENT 
COLLECTOR FOR BATTERY ELECTRODES 
 
3.1 Introduction & Motivation 
 Along with the advancements on lithium battery technologies, the requirements 
on energy density, power density and safety of battery electrodes are much higher than 
before. In recent years, people have paid more attention on how to redesign the battery 
electrodes so that the portion of electrochemically inactive components in a cell could be 
minimized. For instance, when solid electrolyte is used[1], the separator between the 
cathode and anode could be removed because the insulating solid electrolyte itself could 
serve as separator to prevent short circuiting. Another example would be that people use 
active materials coated by conducting carbonaceous materials so that the amount of 
conductive filler shown in Figure 1.8 could be reduced. 
 As shown in Chapter 2, a monolithic binder-free bicontinuous battery electrode 
was designed to provide both high energy density and power density[2-4]. The idea was 
by structuring the metallic current collector into 3D, the conductive filler could be 
eliminated from the cell. And by coating active materials onto the 3D current collector, 
the electrode is essentially binder-free. The advantages of binder-free electrodes are not 
only in the sense of high energy density but also related to low cell impedance and thus 
high reaction kinetics since mostly the binder materials are polymeric and insulating. 
With these strategies, high energy density and power density were demonstrated using 
different active material systems[2-5]. Nevertheless, the use of metal, Ni in specific, as 
the 3D current collector brought several concerns which might be detrimental for 
practical applications. i) Even though Ni has good electrical conductivity and mechanical 
strength, its high density will compromise the benefits from the conductive filler and 
binder-free concept, especially when the electrode is scaled up. Although electropolishing 
has been demonstrated to reduce the filling fraction of Ni[2], the typical active material 
loading was still much less than 50 wt %. ii) Ni is not chemically stable in acidic 
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environment and the 3D Ni structure is not physically stable at high temperature due to 
sintering effect. These will make it more difficult for the processing of electrodes. 
Therefore, to address these issues, in this chapter a novel monolithic bicontinuous porous 
carbon (BPC) was designed as replacement of 3D Ni current collector. Considering the 
functions of current collector and conductive filler, we use carbon for both of them 
instead of Ni. Comparing to Ni, carbon has relatively light weight (low density) and it is 
robust within battery operating voltage window and under various kinds of extreme 
environments. A facile colloidal templating fabrication procedure was demonstrated 
instead of using self-assembly method, which is time consuming and hard to scale up. 
Sulfur (S) electrodes (in this chapter) and selenium electrodes (Chapter 4) using this 
type of bicontinuous porous carbon as current collector were fabricated and characterized. 
Good electrochemical properties were obtained for both cases, indicating the feasibility 
of the monolithic BPC strategy. 
 
3.2 Fabrication and Characterization of BPC and S/BPC Electrodes 
 To obtain the monolithic BPC, colloidal templating method was used similar to 
the Ni case. Colloidal template is needed first, which will be infiltrated with carbon 
precursor within voids. Then after carbonization and template removal step, a monolithic 
bicontinuous porous carbon will be obtained. Instead of forming colloidal crystal via self-
assembly which normally takes about more than 24 hrs, an efficient doctor blade casting 
approach was developed to get the template. SiO2 colloidal particles were used instead of 
polystyrene (PS) because typically carbonization involves of high temperature treatment 
under which PS can not survive. 40 wt % SiO2 colloidal spheres with diameter of about 
200 nm were dispersed in toluene and ultrasonicated for 1 – 2 hrs. About 5 wt % 
polydimethylsiloxane (PDMS) was added into the dispersion quickly and the resulting 
slurry was shaken thoroughly for three times. There are two benefits of using PDMS, i) 
when heated at high temperature, PDMS will be converted into SiO2 which will be 
removed during the template removal step, enabling a clean and pure carbon eventually; 
ii) PDMS could be used as viscosifier to tune the viscosity of the slurry. The viscosity of 
the slurry is very important in order to get high quality template. If the viscosity is too 
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low, after casting, the spheres in the slurry will still be able to move around and end up 
with a non-uniform template. If the viscosity is too high, it will be very difficult for the 
slurry to be casted as continuous films. Silicon (Si) wafers were used as substrates and 
the thickness of the final template could be easily controlled by the doctor blade[6]. After 
the toluene evaporates, a nice and uniform porous film formed by SiO2 spheres stacking 
together will be obtained. The SiO2 template was then heated in air at 1050 °C for 3 hrs 
to improve the mechanical strength of the template[7]. During heat treatment, the surface 
of Si wafer will be oxidized to SiO2 and this layer of SiO2 will be fused together with 
SiO2 spheres on top. As a result, not only the mechanical strength of the template will be 
improved but also an open structure could be achieved for the final monolithic BPC 
current collector so that electrolyte accessibility is ensured. 
 Carbon precursor solution composed of furfuryl alcohol mixed with 3 wt % oxalic 
acid as catalyst was prepared[8] and the SiO2 template was immersed in the precursor 
solution and heated first at 50 °C on a hotplate for 12 hrs and then 80 °C for about 50 
mins until the solution can barely flow. Essentially the heat treatment polymerizes 
furfuryl alcohol within the SiO2 template. Excess precursor was removed carefully by 
razor blade. The precursor infiltrated template was then left in oven at 70 °C for 5 hrs to 
complete the prepolymerization. Afterwards, the carbonization step was conducted at 
1000 °C for 3 hrs[9], followed by HF removal of SiO2 spheres. Note: HF is extremely 
corrosive and should be handled with appropriate personal protection and inside a fume 
hood. A monolithic bicontinuous porous carbon would detach from the Si substrate once 
the surface SiO2 layer was etched by HF. The resulting free-standing monolithic BPC 
was rinsed with mixture of water and ethanol for several times and dried in oven. 
 Figure 3.1 shows the morphology of the SiO2 colloidal template and the 
monolithic BPC obtained from it. It could be seen that both the template and monolithic 
BPC could be made with centimeter scale and good uniformity (Figure 3.1a, b), which 
indicates potential practical applications. From the SEM images in Figure 3.1c, d, we 
could see that the monolithic BPC has almost same thickness (~ 50 μm) as the SiO2 
template, which means the monolithic BPC is the replica of the template, confirming the 
feasibility of the templating method. It should be noted that monolithic BPCs with larger 
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area and various thicknesses could be easily obtained based on similar strategy. The 
microstructure of the monolithic BPC was shown in Figure 3.2. It was noticed that the 
monolithic BPC has a disordered porous structure in contrast to the periodic face-
centered cubic (FCC) structure of Ni inverse opal. There was also an opening neck 
between adjacent spheres originated from the high temperature treatment before 
precursor infiltration. The open porous structure ensures the accessibility of electrolyte to 
the active materials on the current collector. 
 
 
  
Figure 3.1 Photos and cross-sectional SEM images of (a, c) SiO2 colloidal template on Si 
substrate made by doctor blade casting and (b, d) BPC obtained from the SiO2 templates 
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Figure 3.2 SEM image showing the microstructure of the bicontinuous porous carbon. 
 During the monolithic BPC fabrication, we observed an interesting hierarchical 
porous structure which is demonstrate in Figure 3.3a. Pores having different sizes were 
discovered under proper polymerization time: i) large macropores with diameter of 
around 200 nm, indicated as blue dashed circle, corresponding to the size of SiO2 spheres 
used during templating; ii) mesopores with diameter of ~ 40 nm indicated as purple 
dashed circle, came from the contact area between two adjacent spheres; iii) more 
interestingly, another type of mesopores with average diameter of about 5 – 10 nm. Also 
it was found that the appearance of these small mesopores depended on the time of 
prepolymerization. When the prepolymerization time is short which was the case of 
“under-polymerization”, the overall structure of bicontinuous porous carbon was too 
porous to be self-supported. Thus, the structure collapsed with only very thin carbon 
shells observed in the SEM image as shown in Figure 3.3b. On the contrary, when the 
prepolymerization time is long enough which was the “over-polymerization” case, these 
mesopores disappeared, only the macropores from the SiO2 spheres and mesopores 
generated by contact area between adjacent spheres were present as indicated by Figure 
3.3c. Based on these experiment results, the mechanism of the formation of the 
mesopores in the carbon was proposed to be due to the evaporation of small molecules or 
oligomers during prepolymerization while carbonization at high temperature. For “under-
polymerization” case, most of the precursor was converted to small molecules or 
oligomers, which upon heating during carbonization evaporated and left a lot of pores, 
resulting in weak mechanical strength of the final bicontinuous porous carbon. While for 
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“over-polymerization”, almost all precursor molecules were polymerized into long chain 
polymers or big molecules which were not easy to be evaporated, leading to solid carbon 
eventually. 
 
  
Figure 3.3 (a) Hierarchical mesoporous bicontinuous porous carbon by controlling 
prepolymerization time. (b) “Under-polymerization”. (c) “Over-polymerization”. 
 
 As discussed in Chapter 1, mesoporous carbon has been utilized in lithium sulfur 
batteries to address the issue of “shuttle effect” by confining sulfur in the mesopores so 
that the contact between sulfur and electrolyte will be minimized[10-11]. The hierarchical 
structure of bicontinuous porous carbon above could serve as good host for sulfur and 
mitigate the “shuttle effect”. To load S into the BPC current collector, 1 wt % pure sulfur 
powder was first dissolved in toluene[11-12]. And the obtained solution was dropped 
onto the monolithic BPC dropwise by pipet while heated on a hotplate at 80 °C at the 
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same time. Afterwards the sample was sealed in a glass vial and heated in an oven at 
155 °C for 12 hrs. After cooling naturally to room temperature, the resulting S/BPC was 
used directly as electrode for electrochemical characterization. The morphology of the 
bicontinuous porous carbon after S loading was shown in Figure 3.4. Comparing the 
SEM images of the bicontinuous porous carbon before and after S loading, it could be 
seen that the number of mesopores of the last type mentioned above decreased 
significantly, the inner wall of the bicontinuous porous carbon became smooth. It 
indicated that sulfur was successfully loaded into the mesopores in the carbon (Figure 
3.4c). The benefits of this final structure of S/BPC electrode include not only the 
confinement of sulfur but also the void space provides accommodation of volume 
expansion of sulfur upon lithiation. The energy dispersive X-ray spectrum (Figure 3.5) 
also confirms the existence of sulfur in the S/BPC electrode. 
 
 
Figure 3.4 SEM images of the bicontinuous porous carbon (a) before and (b) after sulfur 
loading. (c) Schematic illustration of sulfur loading into the mesopores of the 
bicontinuous porous carbon. 
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Figure 3.5 Elemental analysis of the S/BPC electrode 
 
3.3 Electrochemical Properties of the S/BPC Electrode 
 Electrochemical properties of the S/BPC electrode were measured vs lithium 
metal using a Biologic VMP3 potentiostat in a Swagelok cell without any binder or 
conductive filler with a voltage window between 1.8 – 3.0 V. The electrolyte consisted of 
1 M bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) dissolved in a 50:50 (w/w) 
mixture of 1,3-dioxolane (DOL) and dimethoxyethane (DME) with 2 wt % LiNO3 as 
additive. A polypropylene microporous film was used in the cell as the separator. The 
galvanostatic cycling properties of the S/BPC electrode were demonstrated in Figure 3.6. 
From the voltage vs capacity plots, it could be seen that there are two redox couples 
during discharge and charge processes, corresponding to the sequential reaction of Li
+
 
with sulfur going through polysulfide intermediates. The specific capacity of the S/BPC 
electrode was found to be dependent on the loading of sulfur. When the sulfur loading is 
high (~ 80 wt %), it could only deliver a capacity of ~ 200 mA h g
-1
 even at a very low 
rate (C / 10), which is much less than the theoretical value (1675 mA h g
-1
). We ascribe 
the low capacity to two reasons: i) the higher loading will result in a low electrical 
conductivity of the S/BPC electrode considering the insulating nature of sulfur; ii) the 
higher loading will also suffer more from the “shuttle effect”, manifesting as larger 
charge capacity than discharge capacity as observed in Figure 3.6a. As expected, when 
the sulfur loading was lowered to about 60 wt %, the capacity of the 1
st
 cycle increased to 
about 900 mA h g
-1
. And the Coulombic efficiency was also improved from 80 % to 
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95 %. However, unfortunately the retention of capacity was not good, quickly decreased 
to about 500 mA h g
-1
 within 5 cycles. This means the “shuttle effect” is still a severe 
issue for the mesoporous bicontinuous porous carbon. It could be due to that the pore size 
is still not small enough to block the electrolyte from contacting the sulfur. Therefore, 
better strategies are needed either to prevent the formation of polysulfides or to reuse the 
dissolved polysulfides before they are chemically reacted with Li metal on the anode side. 
 
Figure 3.6 Electrochemical properties of S/BPC electrode with sulfur loading of (a) 80 
wt % and (b) 60 wt %. 
 
 
Figure 3.7 Schematic illustration of the cell configuration showing the location of carbon 
nanotube layer (CNT layer). 
 
Manthiram et al. have demonstrated a sandwiched electrode with two layers of 
carbon nanotube mats and bulky Li2S powder in between[13]. With the unique 
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sandwiched architecture, the ion and electron transport could be facilitated due to the 
presence of highly conducting carbon nanotubes and the cycled polysulfide intermediates 
could be trapped between the two carbon nanotube layers. Even though they might still 
dissolve in the electrolyte, the second carbon nanotube layer will capture and reuse them, 
resulting in improved cyclability and materials usability. Here similar concept was 
applied on the S/BPC electrode. A carbon nanotube layer was added in between the 
S/BPC electrode and the separator as illustrated in the scheme of Figure 3.7. The impact 
of the carbon nanotube layer on the cycling properties of the S/BPC electrode could be 
viewed in Figure 3.8. With the additional carbon nanotube layer, the S/BPC electrode 
could be cycled for 100 cycles with still about 400 mA h g
-1
 capacity remained, which is 
much higher than the value of typical intercalation chemistries. The comparison between 
the electrochemical performance of the S/BPC with and without the additional carbon 
nanotube layer indicates the benefit of recapturing dissolved polysulfides by the carbon 
nanotube layer. 
 
Figure 3.8 Comparison between the cycling properties of the S/BPC electrode with and 
without the additional carbon nanotube layer. 
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3.4 Conclusions & Future Outlook 
 This chapter demonstrates a more convenient and efficient method to achieve 3D 
bicontinuous porous carbon current collector instead of Ni inverse opal as shown in 
Chapter 2. The doctor blade casting strategy enabled fabrication of large-scale and thick 
electrode and the transition from relatively heavy nickel to light carbon allowed a much 
higher active material loading, pushing the 3D mesostructuring design closer towards 
practical applications. Moreover, the structure of BPC was found to be versatile and 
controllable. A hierarchical porous structure could be obtained and further applied to the 
Li-S system, which indicated good electrochemical properties. 
 However, the S/BPC electrode still showed noticeable “shuttle effect” even with 
additional recapturing carbon nanotube layer. Therefore the 3D mesostructuring and 
polysulfide trapping strategies could not solve the issue fundamentally. More efforts 
should be focused on how to prevent polysulfide from dissolving by either tailoring the 
composition of electrolytes or active material itself. In the following chapter, a selenium 
system with no “shuttle effect” will be investigated and the BPC current collector turned 
out to be very effective in improving energy and power density of the battery electrode in 
such system. 
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CHAPTER 4 
THREE DIMENSIONAL HIGH ENERGY DENSITY SELENIUM/BPC 
CATHODES 
 
4.1 Introduction & Motivation 
 Using pure metallic lithium as negative electrode coupled with a positive 
electrode which is primarily made of elements in Group VIA (16), a rechargeable lithium 
metal battery could deliver up to about 5 times higher gravimetric and volumetric energy 
density than that of conventional lithium ion batteries. As mentioned in Chapter 1, Li-S 
batteries have been extensively investigated towards practical realization in recent 
years[1-8]. Sulfur (S) is nontoxic, inexpensive, abundant and also exhibits amazing 
theoretical capacity and energy density comparing to prevailing lithium cobalt oxide 
(LiCoO2). Despite above advantages, several intrinsic limitations have impeded the 
commercialization of Li-S batteries, including the insulating nature of S and “shuttle 
effect” (dissolved polysulfides migrate between cathode and anode) in ether-based 
electrolytes[9-10], resulting in low utilization of the full capacity of S. Although efforts 
have been taken to address these issues of Li-S systems[11-12], people also devoted to 
exploring new candidates as electrode materials. 
 Elemental selenium (Se) was proposed by researchers recently as alternative of S 
as positive electrode material[13]. In the same group as sulfur on periodic table, Se has 
similar chemical properties to S. It can also undergo redox reaction with lithium ions to 
generate selenides ( 𝑆𝑒 + 2𝐿𝑖+ + 2𝑒− ↔ 𝐿𝑖2𝑆𝑒 ). Although it delivers lower specific 
capacity (675 mA h g
-1
) than S (1675 mA h g
-1
), the volumetric capacity of Se electrode 
(3254 mA h cm
-3
) is comparable to that of S (3467 mA h cm
-3
) due to high density of Se, 
which would be crucial for applications in portable electronics or electrical vehicles 
because of their limited battery packing space[14]. Moreover, the good electrical 
conductivity of Se which is 20 orders of magnitude higher than that of S[15] enables 
better electrochemical activity and faster reaction rate of Se electrodes. Perhaps most 
importantly, unlike S which is incompatible with carbonate-based electrolyte due to the 
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nucleophilic attack to the carbonyl groups[16-17], Se electrodes was found to deliver 
fairly good and reversible capacity when cycled in a carbonate-based electrolyte. 
Researchers have pointed out that Se could react with Li
+
 directly in solid phase to 
generate Li2Se upon discharging (Li insertion) without going through polyselenide 
intermediates (Li2Sen, n ≥ 4)[13, 18] which are dissolvable in ether-based electrolyte 
case[19]. Although this poses new concern of the difficulty of redox reactions in a solid 
matrix due to poor lithium diffusion, resulting in large polarization and fast-decaying 
capacity during cycling especially for bulk-sized Se particles[18], it offered new 
directions for researcher to understand and utilize Se as new candidate for high-energy 
battery electrode materials. 
 In order to improve the performance of Se electrode, people have borrowed the 
methodologies developed through studies on Li-S batteries in recent years. By confining 
Se into pores of conducting mesoporous carbon using melting-diffusion method, well-
defined discharge/charge plateau and high reversible capacity were obtained[20-21]. 
Indeed, the space confinement ensures intimate electrical contact between Se and 
conducting carbon during cycling, at the same time reduces the size of Se particles, which 
shortens the diffusion length of both ions and electrons and facilitates redox reactions. In 
this scenario, Se cathodes coupled with mesoporous carbon could deliver stable capacity 
approaching even theoretical value in carbonate-based electrolyte[20-23]. However, it is 
not clear yet whether this space confinement is really necessary since the electrodes 
unlikely suffer from “shuttle effect” of polyselenides in carbonate-based electrolyte. As a 
result, attentions should be paid on how to improve the electrical conductivity of 
electrodes and shorten diffusion length of ions and electrons. Nevertheless we found it 
interesting that a vast majority of reported work on Se electrodes still used melting-
diffusion method and space confinement in very small pores (< 10 nm) almost 
exclusively[23-28]. Considering diverse nanostructuring methods that have been 
proposed to improve electrical conductivity and facilitate Li
+
 diffusions in battery 
electrodes as shown in previous chapters, there should be easier and more controllable 
ways to exploit the merits of Se electrodes. 
57 
 
 In this chapter, the Se system was incorporated with the bicontinuous porous 
carbon current collector developed in Chapter 3 to achieve a 3D binder-free Se/BPC 
electrode and the electrochemical test results showed that even without particular space 
confinement, the Se electrodes could still deliver good specific capacity and rate 
performance, as well as cycling stability in VC additive containing electrolyte. 
 
4.2 Fabrication and Characterization of the 3D Se/BPC Electrode 
 The fabrication of the 3D binder-free Se/BPC electrode started with obtaining the 
BPC current collector based on the procedures described in Chapter 3 and in this chapter 
only “over-polymerization” BPCs were used. The differences are: i) Se nanoparticles 
were loaded via pulsed-voltage electrodeposition similar to that in Chapter 2 instead of 
melt-diffusion method reported in most literatures; ii) 200 nm SiO2 colloidal spheres in 
previous chapter were replaced by 400 nm SiO2 spheres to achieve larger pores and better 
electrodeposition bath and electrolyte accessibility. Se electrodeposition was conducted at 
room temperature. The semiconducting nature of Se provides the feasibility of 
electrodeposition and enables well-controlled loading by simply varying deposition time. 
And the pulsed-voltage technique allows uniform coating of Se nanoparticle on the 
electrode, as have demonstrated previously[29-30]. The electrodeposition bath was made 
from an aqueous solution of 0.5 mM H2SeO3 and the pH was adjusted to be 2 by adding 
H2SO4. A three-electrode configuration was used, with BPC as the working electrode, 
platinum foil as the counter electrode and Ag/AgCl as the reference electrode (saturated 
by 3 M NaCl). The pulsed technique was conducted with repeated voltage sequences 
consisting of -0.2 V vs Ag/AgCl for 0.5 s and open circuit for 5 s. Typical deposition 
time was around 3 hrs. After deposition, the Se/BPC sample was washed with mixture of 
DI water and ethanol for several times before directly being assembled into cells. Figure 
4.1 shows the scheme of the fabrication procedures. The morphologies of the 3D Se/BPC 
electrodes could be seen from the cross-sectional SEM and TEM images in Figure 4.2.  
The loading of the Se on the BPC surface could be clearly identified by comparing the 
SEM images before and after Se electrodeposition and the indicated arrows on TEM 
images. 
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Figure 4.1: Fabrication steps of 3D Se/BPC electrode. (a) Colloidal template formed by 
doctor blade. (b) Carbon precursor was infiltrated within template. (c) Precursor 
carbonization at high temperature. (d) Template removal to obtain BPC. (e) Se loaded by 
electrodeposition. 
 
 
Figure 4.2: Cross-sectional SEM and TEM images of bare BPC (a-d) and the 3D Se/BPC 
electrode (e-h). The arrows indicate the Se nanoparticles on the BPC. 
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Figure 4.2 (cont.) 
 
 The inset in Figure 4.3a indicates a thickness of about 50 μm. The SiO2 templates 
also had similar thickness, asserting the success of the templating method. The observed 
large voids with diameter of ~ 400 nm came from SiO2 colloidal particles used to make 
the porous template and smaller pores with size of 150 nm were attributed to the contact 
area between adjacent SiO2 spheres as mentioned in Chapter 3. In this work, the typical 
dimension of the 3D Se/BPC electrodes is 5 mm (L) × 5 mm (W) × 50 μm (H). One thing 
that we want to point out is that the doctor blade casting process could be scaled up 
conveniently, making the 3D Se/BPC electrodes prospective towards commercialization. 
Figure 4.3b shows another SEM image of the morphology of the 3D electrode after Se 
loading. Comparing with bare BPC, the uniform coating of Se nanoparticles with 
observed size of 10 – 20 nm on carbon surface could be viewed. As we have 
demonstrated previously[30], uniformity of loading and direct contact between porous 
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current collector and Se nanoparticles are critical for facilitating reaction kinetics and 
enabling high rate capabilities of 3D Se/BPC electrodes. 
 
Figure 4.3: Cross-sectional SEM images of (a) bare BPC and (b) 3D Se/BPC electrode. 
The inset in (a) shows SEM image of BPC at low magnification, indicating a typical 
thickness of ~ 50 μm. Elemental mapping images of 3D Se/BPC electrode: (c) SEM, (d) 
C and (e) Se. 
 
 To better understand the chemical properties of electrodeposited Se, energy-
dispersive X-ray spectroscopy (EDS) was obtained with operating voltage of 20 kV to 
confirm the composition of the 3D Se/BPC electrodes. As shown in Figure 4.4, well-
defined C and Se signals could be clearly identified on the spectrum. The uniformity of 
Se loading was also verified on the elemental mapping images in Figure 4.3c-e. X-ray 
diffraction and Raman spectra (532 nm laser excitation) were further collected (Figure 
4.5a, b) to reveal phase and structure information of electrodeposited Se. The Raman 
spectrum confirmed the chain-structured Se with characteristic peak at about 235 cm
-1
. 
Besides the chain structure Se peak, relative weak peaks at 142 cm
-1
 and 460 cm
-1
 
corresponding to amorphous ring structure molecules were also observed on the 
spectrum[20]. For the X-ray diffraction pattern shown in Figure 4.5b, all peaks of the 3D 
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Se/BPC electrodes are in good accordance with the diffraction peaks of trigonal Se (gray), 
which is the most stable and dense allotrope and has hexagonal crystal lattice consisting 
of helical Se chains. To determine the content of Se in the electrode, thermogravimetric 
analysis (TGA) was conducted under a nitrogen atmosphere from 25 to 650 °C with a 
heating rate of 10 °C min
-1
. The TGA curve in Figure 4.5c indicates a typical selenium 
content of ~ 44 wt%. The reason why 44 wt% was chosen is explained in detail in the 
following section. 
 
Figure 4.4: EDS analysis of the 3D Se/BPC electrode. 
 
Figure 4.5: (a) Raman and (b) XRD spectra of 3D Se/BPC electrode, bare BPC and 
pristine Se. (c) Thermogravimetric analysis of 3D Se/BPC electrode. 
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Figure 4.5 (cont.) 
 
4.3 Electrochemical Properties of the 3D Se/BPC Electrode 
 The BPC current collector and 3D Se/BPC electrodes were both cycled without 
any binder galvanostatically over a voltage window of 0.8 – 3.5 V vs Li/Li+ in a 
Swagelok cell with lithium foil as both the counter and reference electrode and a piece of 
Celgard separator membrane (MTI corporation) in between. The plain electrolyte was 
composed of 1M LiClO4 in a 50:50 (w/w) mixture of ethylene carbonate (EC) and 
dimethyl carbonate (DMC). Cell assembly and electrochemical characterizations were 
conducted in an argon-filled glovebox (Vigor) with both H2O and O2 levels below 0.5 
ppm. The bare BPC current collector was first investigated and the results are shown in 
Figure 4.6. It could be seen that the current collector delivers negligible capacity within 
the chosen voltage window at various current densities. And this was further confirmed 
by the fact that there was no plateau on the voltage vs capacity curves. 
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Figure 4.6: (a) Rate performance of bare BPC (b) Voltage profiles of bare BPC at 
different rates 
 
Figure 4.7a, b plot the voltage vs capacity curves of the 3D Se/BPC electrode for 
the 1
st
, 2
nd
 and 5
th
 cycle at 0.1 C. It could be seen that during the 1
st
 discharge (lithiation) 
process, a small plateau at around 2.2 V appeared except for the main lithiation plateau 
starting at 2.0 V. It has been reported that this additional plateau was due to the 
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irreversible transition of Se from ring structure to chain structure[26], which validates the 
ring structure characteristic peaks on Raman spectra. After the 1
st
 cycle, no small plateau 
was observed during subsequent cycles, further confirming irreversibility of this 
transition. Moreover, the capacity quickly stabilized to 665 mA h g
-1
 within 5 cycles 
approaching theoretical value of Se (675 mA h g
-1
) which indicates good usability of 
active materials. Furthermore, the reaction mechanism of the 3D Se/BPC electrodes was 
proposed to be similar as spatially confined Se electrodes reported previously. In the 1
st
 
discharge (lithiation), all of ring structure Se in the electrode was converted to chain 
structures. Starting from 2
nd
 cycle, the reversible redox reaction occurred between chain 
structure Se and Li
+
. Compared to the ring structures, the chain structures have better 
electrical conductivity and higher electrochemical activity because each chain has two 
active terminal atoms, leading to a superior capacity[13]. Cyclic voltammetry experiment 
was also conducted and the results were presented in Figure 4.7c, d. Two reduction 
peaks at 2.2 V and 1.8 V were found during 1
st
 discharge (lithiation) process while only 
one oxidation peak at 2.3 V was observed when charging (delithiation) back, asserting 
the proposed reaction mechanism above. So we could attribute the reduction peak at 2.2 
V to the irreversible ring opening reaction of Se to form a chain structure. And the 
remained redox couple which was also stably exhibited in the following cycles 
corresponds to the reversible reaction of chain structure Se with Li
+ 
(𝑆𝑒 + 2𝐿𝑖+ + 2𝑒− ↔
𝐿𝑖2𝑆𝑒). 
 
Figure 4.7: Voltage profiles and cyclic voltammetry curves of the 3D Se/BPC electrode 
during (a, c) 1
st
 cycle and (b, d) 2
nd
 and 5
th
 cycles 
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Figure 4.7 (cont.) 
 
 The cycling performance of the 3D Se/BPC electrodes was further characterized. 
The effect of Se loading on deliverable reversible capacity (data obtained from 5
th
 cycle 
at 0.1 C) was demonstrated in Figure 4.8a. It could be seen that for electrodes with Se 
loading less than 45 wt%, the deliverable reversible capacity did not vary much and 
approached the theoretical value. However, when the Se loading was increased to around 
60 wt%, the electrode delivered lower capacity. Figure 4.8b indicates the morphology of 
the 3D Se/BPC electrode with a loading of 61 wt%, large particles of Se could be viewed, 
which might lead to low electrical conductivity and also the pore neck between adjacent 
spheres became smaller or clogged compromising electrolyte accessibility. Therefore, 
~45 wt% was chosen as the optimal loading of Se. 
It has been known for a long time that the stability of solid electrolyte interface 
(SEI) is critical affecting long term cycling stability of battery electrodes. Unstable SEI 
will result in fast electrolyte consumption and high cell impedance, deteriorating long 
term cycling properties[31]. On the contrary, a stable SEI prevents electrolyte from 
further decomposition and at the same time is thin enough for the Li
+
 to travel through 
during redox reactions[32-33]. People have tried to tailor the electrolyte composition with 
additives in order to ensure the robustness of SEI[34-35]. VC was the most commonly 
used additive in electrolyte for stable SEI formation[36-38]. To investigate the effect of 
VC on performance of the 3D Se/BPC electrodes, two samples with similar Se loadings 
were assembled into cells and cycled using same current density (1 C) in electrolytes with 
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(5 wt%) and without VC additive. From the results in Figure 4.9a, it could be seen that 
the 3D Se/BPC electrode showed much more stable cycling properties and higher specific 
capacity with VC added electrolyte. In plain carbonate electrolyte, the capacity of the 3D 
Se/BPC electrode degraded quickly from about 400 mA h g
-1
 to only 150 mA h g
-1
 after 
350 cycles. In contrast, with the presence of VC, the 3D Se/BPC electrode manifested 
stable capacity retention with only small decrease in capacity after 500 cycles, indicating 
the benefiting effect of VC. 
 
 
Figure 4.8: (a) Cycling performance vs Se loadings. Each cross sign represents one 
sample. (b) Morphology of the 3D Se/BPC electrode with 61 wt% Se loading. 
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Figure 4.9: (a) Comparison of cycling performance between 3D Se/BPC electrodes 
cycled in electrolyte with and without VC. Nyquist plots showing impedance of 3D 
Se/BPC electrodes before and after cycling (measured at 3.5 V vs Li/Li
+
) in electrolyte (b) 
with and (c) without VC. 
 
 
Figure 4.10: Equivalent circuit model proposed for impedance data fitting. 
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 Re RSEI+ct 
Before cycling 42.23 Ω 184.3 Ω 
After 50
th
 cycle 44.15 Ω 144.1 Ω 
After 200
th
 cycle 45.01 Ω 143.4 Ω 
After 500
th
 cycle 45.51 Ω 140.8 Ω 
 
Table 4.1: Fitted value of equivalent circuit components from Nyquist plot of the 3D 
Se/BPC electrode cycled in electrolyte with VC. 
 
 Re RSEI+ct 
Before cycling 63.09 Ω 180.1 Ω 
After 50
th
 cycle 43.82 Ω 299.2 Ω 
After 200
th
 cycle 41.92 Ω 385.4 Ω 
After 350
th
 cycle 41.49 Ω 445.4 Ω 
 
Table 4.2: Fitted value of equivalent circuit components from Nyquist plot of the 3D 
Se/BPC electrode cycled in electrolyte without VC. 
 
To study more about the role that VC played during long term cycling in detail, 
potentiostatic electrochemical impedance measurement were conducted during cycling 
with applied AC signal which had an amplitude of 10 mV over frequency range of 100 
kHz to 10 mHz. Figure 4.9b, c illustrate the Nyquist plots of impedance data for samples 
in electrolytes with and without VC at pristine state (before cycling) and fully charged 
(delithiated) state after certain cycles. It can be clearly seen that for sample cycled in VC 
containing electrolyte, its impedance was small and stable showing semicircles with 
similar sizes at different cycle number, while large impedance which increased with cycle 
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number for the control sample cycled in plain electrolyte was observed. The impedance 
data were fitted with an equivalent circuit model[39-40] demonstrated in Figure 4.10 and 
the fitted parameters were summarized in Table 4.1 and 4.2. The results were consistent 
with what was observed. As mentioned above, VC could facilitate the formation of stable 
and robust SEI on the electrode surface corresponding to the stable impedance data 
obtained. However, the unstable SEI formed in plain electrolyte could not withstand 
repeated volume expansion and contraction of Se upon lithiation and delithiation, 
resulting in damage and continuously reformation of SEI and large cell impedance along 
with cycling. To further confirm this, the morphologies of post-cycled electrode were 
characterized. Figure 4.11 are cross-sectional SEM images of the 3D Se/BPC electrodes 
after cycling in electrolyte with and without VC respectively. A thin SEI film was found 
coated on the electrode cycled in VC containing electrolyte and the electrode itself was 
still porous. For the SEM image shown in Figure 4.11c, d, it could be seen that the voids 
within the electrode was almost completely filled by blocky SEI which might lead to poor 
electrolyte accessibility and some area of the electrode was found damaged. These results 
could serve as proof that stable and robust SEI could be formed in VC containing 
electrolyte and this is the reason of superior long term cycling properties of the 3D 
Se/BPC electrode. 
 
Figure 4.11: Cross-sectional SEM images of the 3D Se/BPC electrodes after (a, b) 500 
cycles in VC containing electrolyte and (c, d) 350 cycles in plain electrolyte. 
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Figure 4.11 (cont.) 
 
 Rate capabilities of the 3D Se/BPC electrode was further investigated by applying 
series of current densities ranging from 0.1 C to 5 C. The reversible capacity was found 
to be ~ 660 mA h g
-1
 at 0.1 C. With the current densities increasing to 0.25 C, 0.5 C, 1 C, 
2.5 C, the reversible capacities gradually decrease to 575, 510, 450, 380 mA h g
-1
 
respectively (Figure 4.12a). At a high rate of 5 C, the 3D Se/BPC electrode could still 
deliver a capacity of 300 mA h g
-1
, which is more than twice of the theoretical capacity of 
LiCoO2 (145 mA h g
-1
) and comparable to the best results reported using spatially 
confined Se[23, 25]. The good rate performance indicates facile reaction kinetics enabled 
by the bicontinuity of BPC. It should be also noted that when the 3D Se/BPC electrode 
was cycled back to 0.1 C after high rate cycling, the capacity could be recovered within 
several cycles, indicating the stability of the electrode at high current density. Figure 
4.12b presents the typical voltage vs capacity curves at different current density. It can be 
seen that although the voltage polarization increased with current density, the voltage 
profile at high rate (5 C) still showed obvious redox plateaus, further confirming the fast 
reaction kinetics in the 3D Se/BPC electrodes. With the stable SEI formation enabled by 
VC additive, the 3D Se/BPC electrodes were able to be cycled at different rates stably for 
a long time. Figure 4.13 shows the cycling stability of the 3D Se/BPC electrode in VC 
containing electrolyte. A capacity of more than 400 mA h g
-1
 was obtained at 1 C after 
500 cycles and 240 mA h g
-1
 at 5 C after 400 cycles. 
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Figure 4.12: (a) Rate capabilities and (b) Voltage vs capacity curves of the 3D Se/BPC 
electrode at different rates. (1 C corresponds to 675 mA g
-1
). 
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Figure 4.13: Reversible capacities and Coulombic efficiencies of the 3D Se/BPC 
electrodes at (a) 1 C for 500 cycles and (b) 5 C for 400 cycles. 
Finally and most importantly, in order to evaluate the BPC strategy, gravimetric 
and volumetric energy densities of the 3D Se/BPC electrode were calculated and 
compared to a commercial LiCoO2/Al cathode (MTI Corporation, item number: bc-af-
241co-ss-55). The results were summarized in Table 4.3. There are several things that 
should be paid attention to. i) In spite of a lower active material loading, the superior 
specific capacity of Se over LiCoO2 compensates its lower cell voltage, resulting in a 
higher electrode-based gravimetric energy density. ii) The high density of Se leads to a 
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high active-material-based volumetric energy density, as mentioned in Section 4.1. iii) 
However, the electrode-based volumetric energy density was limited by low volumetric 
loading (12.5 vol%) of Se for the 3D Se/BPC electrode. Simply increasing the Se loading 
did not solve the issue as shown in Figure 4.8a, the 3D Se/BPC electrode delivered a 
similar electrode-based volumetric energy density even though the Se loading was as 
high as 60 wt% (16.7 vol%). Several possible directions to improve the electrode-based 
volumetric energy density were proposed and discussed later in Chapter 6. 
 
 3D Se/BPC LiCoO2/Al (MTI) 
Specific capacity at 0.2 C 
(Act. Mater. Basis) 
600 mA h g
-1
 145 mA h g
-1
 
Cell voltage 1.8 V 3.6 V 
Density 4.81 g cm
-3
 5.1 g cm
-3
 
Act. Mater. Loading 
(Electrode Basis) 
45 wt% (12.5 vol%) 73 wt% (37.7 vol%) 
Gravimetric  
(Act. Mater. Basis) 
1080 Wh kg
-1
 522 Wh kg
-1
 
Gravimetric 
(Electrode Basis) 
486 Wh kg
-1
 381 Wh kg
-1
 
Volumetric  
(Act. Mater. Basis) 
5195 Wh L
-1
 2662 Wh L
-1
 
Volumetric 
(Electrode Basis) 
650 Wh L
-1
 1003 Wh L
-1
 
 
Table 4.3 Comparison of the active-material-based and electrode-based gravimetric and 
volumetric energy density between the 3D Se/BPC electrode and commercial LiCoO2/Al 
electrode. 
 
4.4 Conclusions 
 A 3D binder-free Se/BPC electrode was fabricated using scalable templating and 
pulsed electrodeposition techniques and showed great electrochemical properties even 
without intentionally physical confinement of the Se nanoparticles within meso-/micro- 
74 
 
pores. The good electrochemical properties of 3D Se/BPC electrode could be ascribed to 
the following: i) the semiconducting nature of Se and pulsed electrodeposition technique 
allow well-controlled and uniform loading of Se nanoparticles on surface of 3D BPC 
current collector; ii) the porous structure with deliberately created voids could not only 
accommodate possible volume expansion of Se upon lithiation but also ensure electrolyte 
accessibility to active materials, providing good Coulombic efficiency and shortening 
diffusion length for Li
+
 ions; iii) the 3D BPC current collector serves as conducting 
matrix and fast pathways for electrons, contributing to good usability of Se. At 0.1 C, the 
3D Se/BPC electrode was found to deliver a specific capacity of 665 mA h g
-1
, which is 
very close to theoretical value of 675 mA h g
-1
 and due to the bicontinuity of the 
electrode structure, the 3D Se/BPC electrode also suggested high rate capability (~ 300 
mA h g
-1
 at 5 C). Moreover, the stable solid electrolyte interface (SEI) film formed on 
surface of carbon further leads to stable long term cycling properties. A specific capacity 
of about 460 mA g h
-1
 was obtained at 1 C and lasted for 500 cycles with minor capacity 
degradation. The impedance measurement during cycling and post-cycling 
characterization of 3D Se/BPC electrode indicated that the 3D BPC together with 
vinylene carbonate (VC) as additive in electrolyte resulted in thin and stable SEI film 
formed on the electrode surface, which might be the main contribution to stable cycling 
properties of the 3D Se/BPC electrodes. This work could inspire studies on using various 
nanomaterials and nanostructuring strategies on the Li-Se system to better exploit the 
merits of Se.  
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CHAPTER 5 
HIGH FULL-ELECTRODE BASIS CAPACITY TEMPLATE-FREE 3D 
NANOCOMPOSITE SECONDARY BATTERY ANODES* 
5.1 Introduction & Motivation 
 Previous chapters of this thesis have focused on 3D templated electrodes for high 
power[1-2] and energy density[3-5]. While deterministically structured anode and 
cathode electrode concepts[1-5] offer some performance advantages, the required 
template, no matter it is made of nickel (Chapter 2) or carbon (Chapter 3, 4), results in a 
lower than desired gravimetric energy density. In this chapter, using Fe3O4 as a high 
capacity active material system, a template-free 3D structured electrode was developed 
with high gravimetric energy densities. In the commercially dominant carbon/transition-
metal oxide (e.g. LiCoO2) batteries, the low theoretical capacity of the carbon-based 
anode (372 mA h g
-1
) serves to limit the energy density and cycling stability[6-7]. As 
pointed out in Chapter 1, transition metal oxides, e.g., iron oxides, tin oxides, cobalt 
oxides and nickel oxides, have received broad attention since the pioneering work by Prof. 
Tarascon and co-workers[8]. On the basis of a conversion mechanism (𝐹𝑒3𝑂4 + 8𝐿𝑖
+ +
8𝑒− ↔ 3𝐹𝑒0 + 4𝐿𝑖2𝑂)[9], Fe3O4 has a theoretical capacity of 926 mA h g
-1
, is naturally 
abundant, low-cost and non-toxic[10], making it of particular interest. More importantly, 
it has much higher electrical conductivity than Fe2O3 mentioned in Chapter 2, thus 
would be expected to behave better without conducting current collector. However, 
similar to other transition metal oxides (as well as some other high capacity anodes such 
as silicon), Fe3O4 undergoes a large volume change (~ 180 %) during lithiation-
delithiation, resulting in poor cycling stability due to cracking of the active phase[11]. To 
address the propensity of cracking, nanostructuring and coating with a protection 
layer[12], and to provide electron and ion transport pathways, and space for the volume  
------------------------------------------- 
*Content in this chapter was previously published by the author and reprinted (adapted) 
with permission from Ref [13]. Copyright © 2015 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 
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changes during cycling, 3D templated electrodes, such as using templates based on 
macroporous carbon or metal foams[14-15] have been considered. However, as already 
mentioned[1-5], the templates reduce the electrode capacity. In this chapter, a template-
free composite anode consisting of about 5 nm diameter Fe3O4 nanoparticles integrated 
with carbon will be fabricated and its electrochemical properties will be characterized. 
 
5.2 Fabrication and Characterization of Template-free Fe3O4/C Anode 
 Similar to the procedures in Chapter 2, PS opals were first fabricated on gold-
coated glass substrates following previous reports[2, 16] with the indicated modifications. 
The glass was first cleaned with piranha (volume ratio of H2SO4 to H2O2 is 3:1) and then 
coated with 5 nm chromium and 60 nm gold by e-beam evaporation (Temescal, Inc). 
Caution, piranha is highly corrosive and potentially explosive. To modify the gold 
surface for PS opal growth, the gold-coated substrates were immersed in an aqueous 
solution of 3-mercapto-1-propanesulfonic acid, sodium salt (Sigma-Aldrich Corp.) for 2 h. 
Then 600 nm PS colloid spheres (Molecular Probes) were dispersed in Millipore water, 
forming a 0.2 wt % suspension. After drying with blown air, the pretreated substrates 
were placed vertically into vials containing the PS suspension (~ 1.5 cm depth; the final 
opal structure is about 1.4 cm long) at 55 °C. To enlarge the pore size of the subsequent 
inverse opal and to enhance the bonding between PS spheres, the PS opal was sintered at 
95 °C for 3 h. Then a SiO2 inverse opal was synthesized using the PS opal template. SiO2 
sol was prepared by mixing tetraethyl orthosilicate (TEOS, Sigma-Aldrich Corp.), 
ethanol, and a 0.1 M HCl solution (1:10:1 volume ratio) under stirring for 6 h at room 
temperature. The PS opal was held vertically, and the SiO2 sol was slowly dripped on it. 
The samples were then dried at room temperature for 24 h. This infiltration and drying 
process were repeated twice. The obtained samples were heated in air at 500 °C for 4 h 
using a heating ramp rate of 8 °C min
-1
 to burn the PS spheres out, forming ~8 μm thick 
SiO2 inverse opal. 
 The Fe3O4 were grown solvothermally onto the SiO2 inverse opal. In a typical 
solvothermal growth, via a process similar to previous report[17], 5 mmol ferrocene 
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(Sigma-Aldrich Corp.) was dissolved in 35 mL acetone. Subsequently, 1.0 mL hydrogen 
peroxide (30 wt %) was added into the solution followed by ultrasonication for 30 min. 
The obtained solution was then transferred to a 50 mL Teflon-lined steel autoclave in 
which the SiO2 inverse opal coated substrate faced up. The autoclave was heated in an 
oven at 190 °C for 36 h. After cooling to room temperature naturally, the sample was 
washed with ethanol and Millipore water followed by drying at 50 °C for 5 h. In the 
subsequent carbonization treatment, the sample was heated in Ar at 500 °C for 3 h under 
a ramp rate of 5 °C min
-1
. 
 To realize the template-free concept, the SiO2 inverse opal was removed through 
an ammonia solution-based hydrothermal treatment[18]. Typically, 10 mL ammonium 
hydroxide solution (28% - 30% NH3 basis, Sigma-Aldrich Corp.) was added into 25 mL 
Millipore water to form a diluted solution. The prepared solution was transferred to a 50 
mL Teflon-lined steel autoclave, and a piece of SiO2@ Fe3O4/C-coated substrate was put 
into the solution facing up. The autoclave was sealed, heated at 150 °C for 8 h, and 
allowed to cool naturally to room temperature. The sample was then thoroughly washed 
with ethanol and Millipore water followed by drying at 50 °C for 5 h. 
 
Figure 5.1 Scheme of the template-free 3D Fe3O4/C anode fabrication. 
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 Figure 5.1 shows the scheme of the fabrication of the template-free composite 
anode. The carbon resulted from the carbonization treatment after Fe3O4 growth stabilizes 
the Fe3O4 nanoparticles and probably the solid-electrolyte interface (SEI) layer, 
enhancing the Coulombic efficiency, and also provides an efficient electron transport 
pathway. Because no additional template is needed, and the mass fraction of carbon is 
less than 10%, the full electrode capacity is high. Figure 5.2a shows the SiO2 inverse 
opal obtained after thermal removal of the PS opal template. Using a solvothermal 
growth, employing ferrocene as an iron and carbon source, a 3D SiO2@ Fe3O4/C 
precursor was fabricated. As shown in Figure 5.2b, an about 100 nm thick composite 
layer deposits on the template uniformly throughout the electrode without clogging the 
pores connecting the cavities. Subsequently, carbonization was performed at 500 °C 
under argon (Figure 5.2c, d). The SiO2 template was etching using hydrothermal 
treatment in ammonia solution, forming a 3D template-free Fe3O4/C composite (Figure 
5.2e, f). The electrode structure is retained throughout the process, leaving evidence of 
voids where the SiO2 template previously was. 
 
Figure 5.2 Images during the anode fabrication procedure. Top-view SEM images of a) 
the SiO2 inverse opal and b) the SiO2@ Fe3O4/C precursor obtained after solvothermal 
growth. c) Top-view and d) cross-sectional SEM images of the structure after 
carbonization. e) Top-view and f) cross-sectional SEM images of the Fe3O4/C after 
removal of SiO2 template. g, h) TEM images of the Fe3O4/C composite. 
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Figure 5.2 (cont.) 
 
An obvious gap between two Fe3O4/C composite layers can be found in high 
magnification cross-sectional images, which was the location of the etched SiO2 layer. 
The energy-dispersive X-ray spectroscopy (EDS) confirms removal of SiO2 (Figure 5.3). 
In transmission electron microscopy (TEM) (Figure 5.2g), a compact inverse opal 
structure that includes interconnected voids associated with the removed SiO2 can be 
observed. Higher magnification TEM (Figure 5.2h) indicates the composite layer 
consists of 5 nm diameter nanoparticles integrated within a carbon matrix. The carbon 
content of the composite was characterized by thermogravimetric analysis under an air 
atmosphere and a heating rate of 10 °C min
-1
 from 25 °C to 600 °C. The weight loss 
between room temperature and 150 °C is about 1.8 % (Figure 5.4), which can be 
ascribed to the evaporation of absorbed moisture. The weight loss of about 5.9 % 
between 150 and 600 °C can be attributed to the carbon combustion into CO2. It should 
be noted that the Fe3O4 will be oxidized into Fe2O3 under oxygen surroundings during 
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TGA measurement, resulting in a theoretical weight increase of 3.1 %. Since the samples 
for TGA measurements were peeled off from substrate, there would be very tiny gold or 
chromium within the remaining material after measurement. However, since the 
thickness of gold (60 nm) and chromium (5 nm) on substrate are very thin, the weight 
influence from them is neglected here. In another word, the weight percentage (92.3 %) 
at 600 °C was considered to be contributed from the produced Fe2O3 only. Therefore, the 
carbon content of the Fe3O4/C composite is about 9 % (the sum of weight loss between 
150 and 600 °C plus the increased percentage caused by oxidation of Fe3O4 to Fe2O3). 
  
 
Figure 5.3 (a) Cross-sectional SEM image of the Fe3O4/C composite. (b) Compositional 
lines of Fe, C and O recorded along the yellow dashed line shown in (a). (c) 
Corresponding EDS spectrum. 
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Figure 5.4 TGA curve of the Fe3O4/C composite (10 °C min
-1
 in air). 
X-ray diffraction was collected with a Phillips X’pert MRD X-ray diffractometer 
with Cu Kα radiation (1.5418 Å). The result (Figure 5.5) indicates that the nanoparticles 
are magnetite phase Fe3O4 (JCPDS card No. 98-0294). As calculated from the Scherrer 
equation[19], the average size of Fe3O4 nanoparticles is about 5.8 nm, agreeing with the 
TEM observed dimensions. The formation of the Fe3O4 nanoparticle-carbon composite 
was proposed approximately as follows. First, ferrocene molecules electrostatically 
adsorb on the surface of the SiO2[20]. As the temperature increases, the ferrocene 
decomposes to form iron oxide species, which are further oxidized to Fe3O4 by H2O2 in 
the system[21], and then additional ferrocene continue to adsorb on the surface. 
Meanwhile, the cyclopentadienyl groups in ferrocene decompose, forming a carbon layer 
on the surface of Fe3O4 particles, preventing the small Fe3O4 nanoparticles from growing 
into larger particles. 
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Figure 5.5 XRD pattern of the 3D Fe3O4/C after removal of SiO2 template. 
 
5.3 Electrochemical Properties of Template-free Fe3O4/C Anode 
 Electrochemical measurements of thin electrodes (~ 8 μm) were conducted using 
two-electrode jar cells with a lithium metal as counter and reference electrodes on a 
Biologic VMP3 potentiostat. An electrolyte consisting of 1 M of LiClO4 in a 1:1 mass 
ratio mixture of ethylene carbonate and dimethyl carbonate was used. All cells were 
assembled in an Ar-filled glove box. Both coin and larger format cells were studied 
showing similar results; for the coin cells, the electrolyte consists of 1 M LiPF6 dissolved 
in a 50:50 (w/w) mixture of ethylene carbonate and diethyl carbonate. A polypropylene 
microporous film was employed in coin cell as the separator. All electrode capacities 
were measured by a galvanostatic charge-discharge method with a voltage window of 
0.25 – 3 V (vs Li/Li+). CV curves of the thin electrodes were recorded over the potential 
range of 0.25 – 3 V (vs Li/Li+) at a scan rate of 0.1 mV s-1.  
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Figure 5.6 Electrochemical properties of the Fe3O4/C composite. a) The first three CV 
curves over the potential range of 0.25 to 3.0 V versus Li/Li
+
 at a 0.1 mV s
-1
 scan rate. b) 
Galvanostatic discharge-charge cycles of the anode at a current density of 800 mA g
-1
. c) 
Specific capacity and Coulombic efficiency over 100 cycles. d) The C-rate performance 
of the electrode over the range from 200 to 4000 mA g
-1
. e) Cycling curves of the 
Fe3O4/C anode at different current densities. f) The 1st, 2nd, 3rd and 50th galvanostatic 
discharge-charge curves (at a current density of 1000 mA g
-1
) of a 100 μm thick Fe3O4/C 
composite anode fabricated using a commercial Ni foam as sacrificial template. All 
capacities above are on a full electrode basis. 
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 Cyclic voltammetry (CV) curves for the first three cycles of an ~ 8 μm thick 
Fe3O4/C composite anode are shown in Figure 5.6a. In the first cycle, three peaks in the 
cathodic process are observed at about 1.58, 1.17, and 0.65 V, which can be attributed to 
formation of LixFe3O4 (x < 1), further reduction of LixFe3O4 to Li2Fe3O4, and the final 
reduction of Li2Fe3O4 to Fe
0
[22-24], respectively. Accompanied by the reduction of 
Li2Fe3O4, an irreversible reaction occurs, probably due to SEI formation[25]. In 
subsequent cycles, the cathodic peaks were positively shifted compared to the first cycle. 
In the anodic process, a broad peak was recorded from 1.1 to 2.0 V, corresponding to the 
oxidation of Fe
0
 to Fe
3+
[26-27]. After the first cycle, the CV curves nearly overlap, 
indicating good reversibility. 
 Figure 5.6b shows the 1st, 2nd, 3rd, 50th, and 100th discharge-charge curves of 
the Fe3O4/C composite anode cycling at a current density of 800 mA g
-1
. Three plateaus 
(~1.6, 1.2 and 0.7 V) in the first discharge profile correspond to the cathodic peaks in the 
CV curve. The Fe3O4/C composite gives initial discharge and charge capacities of ~1233 
and 858 mA h g
-1
 (electrode basis, including both Fe3O4 and carbon), respectively, along 
with a Coulombic efficiency of about 70 % (Figure 5.6c). In the second cycle, the 
discharge and charge capacities decreases to 964 and 844 mA h g
-1
, respectively, still a 
little higher than electrode theoretical capacity (876 mA h g
-1
) calculated from mass 
fractions of Fe3O4 (91 %) and carbon (9 %), which is perhaps caused by SEI formation. 
The Coulombic efficiency in the third cycle exceeds 90 %. After about 10 cycles, the 
capacity becomes stable, and the Coulombic efficiency rises from 98 % to 99 %. After 
100 cycles, the electrode-based discharge and charge capacities are about 780 and 770 
mA h g
-1
, respectively, far exceeding the theoretical capacity of a graphite anode, and 
exceeding the reported capacities of a number of both pure Fe3O4 and Fe3O4-related 
composite systems[28-30]. Calculated from the electrode geometrical dimensions (~ 1.4 
cm × 0.7 cm ×8 μm), the electrode volume is ~7.84 cm2 μm. The mass of the Fe3O4/C 
nanocomposite is typically ~1.07 mg. This results in discharge and charge volumetric 
capacities of about 1064 and 1051 mA h cm
-3
, respectively, which are considerably 
higher than the actual volumetric capacity (~300 mA h cm
-3
)[31] of a commercial 
graphite-based anode (theoretical volumetric capacity 837 mA h cm
-3
). It was suspected 
that through structure optimization to increase the active material loading, such as by 
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optimizing the 3D template geometry, for example by increasing the ratio of connecting 
neck size to the void diameter of the SiO2 template as demonstrated previously[2], it may 
be possible to achieve an even higher volumetric capacity based on this material system. 
 The performance at increasing current densities from 200 to 4000 mA g
-1
 
followed by 200 mA g
-1
 cycles is shown in Figure 5.6d. At the highest current density of 
4000 mA g
-1
, the electrode gives a discharge capacity exceeding 600 mA h g
-1
, and a 
Coulombic efficiency of 98.3%. When the current density was returned to 200 mA g
-1
, 
the discharge capacities returned to an average of 833 mA h g
-1
 over 10 cycles, showing a 
small decay of ~9 % compared to the initial cycles at the same current density. The 
voltage hysteresis of the 8 μm thick Fe3O4/C anode is about 1 V (Figure 5.6e) and 
appears stable during cycling at rates ranging from 200 to 4000 mA g
-1
, suggesting that 
the hysteresis is not due to a kinetic phenomenon either within the Fe3O4 nanoparticle or 
due to ion or electron transport resistances. The good C-rate performance was attributed 
to the conductive carbon phase, which provides good pathways for electron transfer, the 
3D porous structure, which enables rapid ion diffusion, and the nanostructured nature of 
the Fe3O4, which provides short solid-state diffusion distances. In order to characterize 
the state of the carbon, Raman spectroscopy was performed on the Fe3O4/C 
nanocomposites (Figure 5.7), and peaks at about 1350 and 1582 cm
-1
, which can be 
assigned to the sp
3
- and sp
2
-bonded carbon[32-33], respectively, are clearly observed, 
indicating the amorphous nature of the carbon in the Fe3O4/C nanocomposites[34-35]. 
Since amorphous carbon has a resistivity of about 10
-5
 Ω m at 20 °C[36], it was calculate 
that any polarization of the electrode due to the electrode resistivity is minimal. 
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Figure 5.7 Raman spectra of the Fe3O4/C nanocomposite anode and the bare substrate 
(gold-deposited glass) 
 
 For practical applications, electrodes considerably thicker than 8 μm are generally 
required. Commercial electrodes, for example, can exceed 100 μm thick. To evaluate if 
the approach discussed here can apply to thick electrodes, ~100 μm thick Fe3O4/C anodes 
were prepared using a commercial disordered mesostructured Ni foam as a sacrificial 
template. The electrode fabrication route and the related material characterizations are 
shown in Figure 5.8 and Figure 5.9. 3D porous Ni foams (~ 5 vol.% filling fraction; 
~100 μm thick; obtained from Xerion Advanced Battery Corp.) were first coated with a 
SiO2 layer through a Stöber process. In a typical procedure, 10 mL of Millipore water and 
2.5 mL of ammonium hydroxide (28 – 30% NH3 basis, Sigma-Aldrich Corp.) were mixed 
with 40 mL of ethanol. A Ni foam held by an extended clamp was then immersed into the 
solution. 1 mL of TEOS was added dropwise into the solution under constant stirring. 
After 2 h, the Ni foam was removed, washed with ethanol and water, and dried at 60 °C. 
The Ni in the SiO2-coated Ni foam was then etched using 1 M HCl. The resulting SiO2 
templates were used as substrates for the subsequent solvothermal growth of the Fe3O4/C 
89 
 
precursor, following by carbonization, and the removal of the SiO2 templates, using the 
same procedures presented above for the Fe3O4/C inverse opal electrode fabrication. 
Importantly, the Fe3O4/C composite is present all the way through the thickness of the 
electrode.  
Electrochemical tests of the ~ 100 μm thick electrodes were conducted using coin 
cells with the Fe3O4/C composite as the working electrode and a lithium metal foil as 
both the counter and reference electrodes on the same electrochemical workstation shown 
above. Figure 5.6f shows the discharge-charge curves of the 100 μm thick Fe3O4/C 
anode at a current density of 1000 mA g
-1
 and the capacities and Coulombic efficiency 
are shown in Figure 5.10. The electrode retains a full electrode-based capacity greater 
than 710 mA h g
-1
 (about twice of theoretical capacity of graphite anode) over 50 cycles. 
The capacity is slightly lower than the thinner electrode system, perhaps because the 
initial template is disordered, which reduces the surface area per unit volume. 
 
Figure 5.8 Schematic illustration of the fabrication process for the 100 μm thick 3D 
Fe3O4/C composite anodes. 
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Figure 5.9 Cross-sectional SEM images of (a), (b) the 3D porous Ni foam. (c), (d) the 
SiO2 template after etching of Ni. (e), (f) the fabricated thick Fe3O4/C composite anode. 
The measured thickness in (e) is about 100 μm. The inset in (f) shows a zoomed in SEM 
image of the cross-section. 
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Figure 5.10 Capacity and Coulombic efficiency of the 100 μm thick Fe3O4/C anode over 
50 cycles at a current density of 1000 mA g
-1
. 
 
 Figure 5.11 shows the ordered inverse opal electrode after 100 discharge-charge 
cycles. The electrode retains a profile close to its initial morphology before cycling, 
indicating the structure is robust even to the volume changes induced by cycling. In 
Figure 5.11a there is some fluffy appearing material coating the surface, which is 
perhaps related to SEI formation. Similar materials can also be found in cross-sectional 
SEM images (Figure 5.11b). As shown in the TEM images (Figure 5.11c), the Fe3O4/C 
composite remains well connected even after cycling. In the high-magnification TEM 
image (Figure 5.11d), a surface layer can be observed which was assumed to be the SEI 
layer. The Fe3O4 nanoparticles remain integrated tightly within the carbon matrix, 
separating them from SEI layer, which probably improves capacity retention during 
cycles. 
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Figure 5.11 Electrode structure after cycling. a) The top-view and b) the cross-sectional 
SEM images, c) low- and d) high-magnification TEM images of the template-free 
Fe3O4/C composite anode after charge-discharge over 100 cycles. 
 
 Impedance spectroscopy were also obtained on the ~ 8 μm thick electrode. 
Nyquist plots collected from the thin electrode consist of two semicircles in high and 
medium frequency regions and a straight line in the low frequency region (Figure 5.12). 
The two semicircles can be attributed to the charge transfer processes on the interfaces 
between electrolyte and electrode[37]. As other reports have shown[38-40], Nyquist plots 
provide information on the electrolyte resistance (Re), surface film (Rs) and charge 
transfer (Rct) resistances, a constant phase element involving a double layer capacitance, 
and a Warburg impedance (Ws) related to solid-state diffusion of Li ions within the 
electrodes. Generally, a small diameter semicircle in the medium frequency range 
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corresponds to a low Rct[41]. In the Nyquist plots recorded during discharge (Figure 
5.12a), the medium frequency semicircle diameter decreases as discharge proceeds, 
indicating a decrease of Rct as the electrode lithiates (most obvious in Table 5.1). As the 
electrode delithiates, the charge transfer resistance increases (Figure 5.12b). Detailed 
data fitting is shown in Table 5.1. The impedance results indicate a stable surface 
chemistry and consistent Li ion diffusion kinetics for the Fe3O4/C composite. By looking 
carefully at Figure 5.13, the volume change of Fe3O4/C composite during lithiation and 
delithiation can be observed. In particular, gaps can be seen between the nodules of the 
delithiated Fe3O4/C composite in Figure 5.13d, which are not present in the lithiated 
Fe3O4/C composite in Figure 5.13b. The overall dimension of the electrode does not 
appear to change, suggesting that the volume expansion-contraction is buffered within the 
nanocomposite matrix. 
 
Figure 5.12 (a) Nyquist plots of the Fe3O4/C electrode discharge to 1.3, 0.9, 0.5 and 0.25 
V. Inset is the equivalent circuit used for fitting. (b) Nyquist plots of the Fe3O4/C 
electrode charged to 0.25, 0.5, 0.9 and 1.3 V. The discharge-charge process ran over the 
potential range of 0.25 - 3 V. The cycling current density was 400 mA g
-1
, and the 
frequency range applied was 100 kHz – 0.01 Hz. 
 
  
94 
 
 
 
Figure 5.13 Electrode structure after lithiation and delithiation. (a) Low- and (b) high-
magnification SEM images of the Fe3O4/C electrode after a discharge process to 0.25 V 
(discharge current density: 400 mA g
-1
). (c) Low- and (d) high-magnification SEM 
images of the Fe3O4/C electrode after a charge process to 3V (charge current density: 400 
mA g
-1
). There was a discharge process to 0.25 V prior to this charge; and for the most 
accurate comparison, the two electrodes used for discharge and charge measurements 
were separated from one piece of a highly uniform sample. 
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 Re (Ω) Rs (Ω) Rct (Ω) 
Discharge to 1.3 V 4.143 73.2 313.6 
Discharge to 0.9 V 4.495 84.4 128.6 
Discharge to 0.5 V 4.455 82.36 143.9 
Discharge to 0.25 V 4.319 80.99 143 
Charge to 0.5 V 4.39 83.47 161.7 
Charge to 0.9 V 4.401 87.18 192 
Charge to 1.3 V 4.521 89.43 254.5 
 
Table 5.1 Fitting data from the Nyquist plots of the Fe3O4/C electrode 
discharged/charged between 3 and 0.25 V. 
 
5.4 Conclusions 
 In summary, a unique high full-electrode basis capacity anode design for 
secondary batteries has been demonstrated, which consists of a structurally robust 3D 
Fe3O4/C composite. No additional current collector template and no bonding additives are 
required, resulting in an anode with both high gravimetric and volumetric capacities. In 
this system, the fabricated template-free Fe3O4/C anode provides a discharge capacity of 
~ 780 mA h g
-1
 on a full-electrode basis after 100 cycles at a current density of 800 mA g
-
1
, and the Coulombic efficiency is steady at 98 % to 99 %. The volume fraction of the 
Fe3O4/C composite in full electrode (including voids) is 28 %, resulting in a volumetric 
discharge capacity of about 1064 mA h cm
-3
, which is significantly greater than the 
volumetric capacity of a commercial graphite anode. As a demonstration of the 
commercial potential, a 100 μm thick Fe3O4/C anode was also fabricated through the 
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presented template-free strategy, and it exhibited a full electrode-based capacity greater 
than 710 mA h g
-1
 (about twice of theoretical capacity of graphite anode) after 50 cycles 
at a current density of 1000 mA g
-1
. 
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CHAPTER 6 
SUMMARY OF WORK AND FUTURE OUTLOOK 
 
6.1 Summary of Work 
 This dissertation demonstrates the application of three dimensional electrode 
structuring on next generation lithium batteries to improve the performance and address 
issues along the way to commercial realization. Colloidal templates made by self-
assembly and a more efficient doctor blade casting method were used to fabricate three 
dimensional porous electrodes for lithium batteries. The templating strategy was robust 
and compatible to obtain large-scale thick electrodes with good uniformity. The 
bicontinuous porous network provided by the colloidal template ensures fast pathways 
for both electrons and lithium ions, leading to fast reaction kinetics and high power 
density. Moreover, different chemistries were integrated with colloidal template to make 
the mesostructured current collector, including metal (Ni)[1], oxide (SiO2)[2] and 
polymer (carbon). The electrodeposition method for loading active materials works well 
for not only metals (Ni) but also semiconductors (Fe2O3, Se) as long as the electrical 
conductivity of the active materials is not too low. The pulsed technique allows active 
materials to be loaded even within complex three dimensional structures uniformly. And 
the amount of loading could be controlled conveniently by changing the electrodeposition 
time. It was also shown that the mesostructured inverse opal could be combined with 
other solution based process, like drop casting and hydrothermal methods, to load 
nanostructured active materials on current collector. The chemical versatility of the above 
colloidal templating and electrodeposition strategies offered opportunities to investigate a 
broad library of electrochemical systems. 
 Fe2O3 as conversion compound was first chosen to be integrated with the 
mesostructured Ni inverse opal current collector in Chapter 2. The three dimensional 
electrode showed stable and reversible capacities as well as excellent rate capabilities. 
With the inverse opal architecture, the Fe2O3 electrode could deliver a capacity of ~ 450 
mA h g
-1
 which is higher than theoretical value of commercial graphite (372 mA h g
-1
), at 
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a current density as high as even 20 C (which means the theoretical discharging time 
takes only 3 minutes). More importantly, due to the presence of void space within the 
electrode, the associated strain from the volume expansion when Fe2O3 lithiates could be 
better accommodated compare to a 2D composite electrode, preventing the Fe2O3 
particles from pulverization. As a result, the voltage hysteresis during cycling was found 
to be reduced by 30 % to only 0.62 V since fewer interfaces were created. This work was 
the first one that demonstrated reduced voltage hysteresis by nanostructuring for Fe2O3 
electrodes. It brought the importance of solving voltage hysteresis issue in conversion 
compound electrodes back to attention of researchers and served as a guide and reference. 
 Later the metallic Ni inverse opal was questioned to be the caveat of the three 
dimensional mesostructured electrodes because of its high density and thus much larger 
portion of weight in the whole electrode than the active materials. The concept of 
replacing Ni with light weighted carbon was proposed. Real three dimensional (> 10 μm) 
electrodes were made by colloidal templating and doctor-blade casting. In Chapter 3 and 
4, two different but closely related cathode systems were studied combining with the 
monolithic bicontinuous porous carbon current collectors. Both sulfur and selenium could 
be loaded with weight ratio of 60 wt % and 44 wt %, respectively, which are higher than 
the Ni case (~ 20 wt %). Good electrochemical properties were found for both S/BPC and 
Se/BPC electrodes, especially when adding vinylene carbonate in the electrolyte to form 
robust SEI for the selenium case. The stable SEI prevents the electrolyte from 
decomposing gradually and reduces the cell impedance. The Se/BPC could be cycled for 
500 times at different rates with good capacity retention. The gravimetric energy density 
of the whole electrode could be much higher than commercial LiCoO2 electrodes. 
 Another straightforward way to get around the Ni problem is simply removing the 
current collector within the three dimensional electrode. In order to realize this, the active 
materials must have good electrical conductivity to compensate the missing three 
dimensional current collector. In Chapter 5, a hydrothermal method was exploited to 
fabricate template-free Fe3O4/C composite electrodes that showed both high gravimetric 
and volumetric capacities. The good electrical conductivity of Fe3O4 and the carbon layer 
wrapping the Fe3O4 particles provided electron conducting pathways. The fabricated 
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template-free Fe3O4/C anode delivered a discharge capacity of ~ 780 mA h g
-1
 on a full 
electrode basis after 100 cycles at a current density of  800 mA g
-1
 and a volumetric 
discharge capacity of about 1064 mA h cm
-3
, which is significantly greater than the 
volumetric capacity of a commercial graphite anode. 
 The above work dedicated to addressing the practical issues while trying to 
commercialize the three dimensional inverse opal electrodes. By rational design of the 
materials and architectures of the electrodes, we have demonstrated several systems 
including both anode and cathode that are promising candidates for next generation 
lithium batteries. The impact of these work lies in the sense that better understanding of 
relationship between electrode structure and performance could be obtained, which will 
inspire more related work to keep pushing battery technologies forward. 
 
6.2 Future Outlook 
 Although the voltage hysteresis of Fe2O3 electrodes was reduced to 0.62 V, this is 
still not a practical number considering the round-trip energy efficiency. And there are 
also debates about the origins of the persistent large voltage hysteresis even at a very 
slow rate (C/100)[3-4]. More in-depth studies on the components of voltage hysteresis 
should be conducted. Galvanostatic intermittent titration technique (GITT) is a powerful 
measurement that could obtain both thermodynamics and kinetics parameters for a 
battery electrode[5-6]. The procedure consists of a series of current pulses and relaxation 
periods. It is mostly conducted during a whole discharge and charge cycle. When 
applying the current pulse, the electrochemical process within the electrode will be 
majorly determined by the kinetics. In contrast, during relaxation the composition in the 
electrode tends to be homogeneous by lithium ion diffusions until the electrode is again 
in equilibrium. This GITT technique could be used to investigate the voltage hysteresis in 
conversion compounds, as demonstrated by Liu et al.[7], to break the hysteresis into parts 
related to kinetics and thermodynamics. Further deigns would be developed to tackle 
them specifically. Moreover, it has been found that the electrochemical potential of a Sn 
electrode could be influenced by mechanical energy, i.e. strains[8]. Given the unique 
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three dimensional bicontinuous inverse opal structure, systematic studies on the strain of 
the Fe2O3 particles and its contribution to the voltage hysteresis reduction would be 
helpful to understand the conversion reaction better. 
 For all of the three dimensional electrodes talked above, there was a critical 
problem that we could not avoid mentioning. By changing Ni to carbon, the gravimetric 
energy density of the electrode could be improved significantly, while the whole 
electrode basis volumetric energy density was still limited by the void space in the 
electrode. Especially for the selenium case, the electrode should be made within more 
compact space to fully utilize high volumetric energy density of selenium[9]. One 
strategy is by using solid electrolyte, the electrode could be made into sandwiched 
structure so that the volume from the separator or even lithium anode could be eliminated. 
The idea is to put layers of solid electrolyte and anode active materials sequentially on 
the S/BPC or Se/BPC electrodes so that the void space within the electrode could be used 
efficiently. The thin electrolyte layer in the middle could allow fast lithium ion transport 
and ensure facile reaction kinetics and the total volume of the electrode would be just that 
of the cathode. The choice of solid electrolyte is important when taking the fabrication 
process into consideration. A polymeric solid electrolyte made from PEO (polyethylene 
oxide) and P3HT (poly(3-hexylthiophene))[10] is better than ceramic solid electrolyte 
made from Li2S and P2S5 powders[11] since the polymer electrolyte is easier to be 
incorporated into the three dimensional structure using solution based processing, 
although it might have a lower ionic conductivity. Another strategy would be increasing 
the active material loading. In order to achieve this, the monolithic bicontinuous porous 
carbon could undergo a KOH activation process to introduce more mesopores or 
micropores with smaller size in the carbon[12]. Then the electrodeposited selenium and 
drop casted sulfur could be melted at elevated temperature and captured by these 
mesopores or micropores. A combination of the above two strategies could also be 
explored to further increase the volumetric energy density of the three dimensional 
inverse opal electrodes. 
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